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ABSTRACT OF THE DISSERTATION
RETROFITTING AND REHABILITATION OF BRIDGE COMPONENTS
SUBJECTED TO PREDOMINANTLY FLEXURAL LOAD USING THIN UHPC
SHELL
by
Alireza Valikhani
Florida International University, 2020
Miami, Florida
Professor Atorod Azizinamini, Major Professor
The number of bridges exceeding their design life is increasing every year, and Federal
Highway Administration (May-April 2019) estimates the number of structurally deficient
or in poor condition bridges 47,052 compared to the total 616,087 bridges inventory in the
U.S. Besides aging, the existing bridges can sustain damages due to various factors
including exposure to the severe environment, deleterious chemicals, and overloading. To
avert any catastrophic loss of property and life, it is imperative that the existing bridge
inventory is rehabilitated and repaired at a minimal cost and at an expedited schedule using
advanced construction methodologies and materials.
One such advancement consists of the use of Ultra-High Performance Concrete (UHPC),
which exhibits mechanical and material characteristics that can enhance the structural
performance and durability. In addition, UHPC has low permeability, high durability, and
reduces the time of retrofitting, which makes this material a good option for retrofitting the
bridge elements. Despite superior properties, the material undergoes undesired failure
modes warranting further research in methods to improve the bond characteristics.
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The objective of the research was to investigate the behavior of UHPC to retrofit existing
concrete structures. To this effect, an experimental and numerical study on surface
preparation techniques and bond mechanism with normal strength concrete was performed.
The study also included a novel technique of surface evaluation, which was developed
using digital image processing and machine learning algorithms. Also, the durability of
UHPC based on various percentages, orientations, and types of fibers was investigated.
The outcome of these studies was used to design retrofitting of beam and deck elements.
Different surface preparation methods were used to retrofit thirteen beams, and results
showed that mechanical connectors and sand-blasted surfaces could provide sufficient
interface shear for composite action and resulting in an improvement of flexural
performance. A large-scaled T-beam deck was also designed as a proof-of-concept to
evaluate the feasibility of field implementation and carry out durability studies.
To complement the results of experimental investigation and understand the mechanism of
retrofitting methodologies, a comprehensive finite element model for simulating the UHPC
mechanical characteristic and interface bond was introduced. At the conclusion of the
study, design and construction recommendations are provided for field implementation.
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CHAPTER 1 INTRODUCTION
The FHWA (2019)[1] reported that 47,052 of America’s bridges compared to a total of
616,087 bridges are structurally deficient, and in poor condition also it is stated 1 out of 3
interstates highway bridges have recognized repair needs.
FHWA [1] reported that the average age of structurally deficient bridges is 62 years
compared to 40 years for non-deficient bridges, while these bridges were designed mostly
for the average design life of 50 years.
Exposure to severe environmental conditions can expedite the speed of deterioration of the
bridge elements and decrease their service life. Structural damages and cracks in bridge
elements can be caused by different sources such as overloading, shrinkage, error in design
and detailing, dynamic loads from traffic loading, errors in construction, and construction
joint fatigue effects. One of the main bridge elements which are vulnerable to the damages
is the deck of the bridge, which provides the riding surface and distributes the load down
to the load-carrying members and protecting these primary load members. The sources
mentioned above of the cracks provide the chlorides from natural sources (saltwater) or the
deicing salts from freeze-thaw cycles to ingress through these cracks and cause the
corrosion of steel reinforcement resulting into spalling and the delamination of
concrete.[2],[3],[4],[5],[6],[7],[8],[9],[10]. By increasing the number of deficient and
obsolete bridges and increasing the age and volume of the traffic finding an economical
and durable system for easy and quick repair of damaged areas can provide bridge owners
with alternatives for extending the use of existing bridge inventories [2],[11]. Figure.1-1
shows some example of severe damages due to corrosion
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Figure 1-1 Bridge element damages due to the corrosion.[12]

1.1

Existing Retrofit Methodologies for Flexural Elements

Several different methodologies for the repair of flexural elements such as beams and
columns are used in practice. The existing repair methodologies are inefficient, invasive,
and suffer from undesirable failure modes. Some of these methodologies include cement
grouting, jacketing, external plate reinforcement, chemical grouting, resin-based repair
mortar, low slump dense concrete, Fiber Reinforced Polymer (FRP), and fiber shotcrete
[13],[14],[15]. The selection of the right method requires an evaluation of the severity,
location of existing damage, and the use of appropriate material [2],[16]. The field use of
these retrofitting methods generally involves the removal of the existing demolished
concrete, surface preparation, and application of repair material [2], [18],[17],[18],[19].
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1.1.1

FRP Repair

FRP retrofit involved the use of high strength fiber polymer for retrofitting existing
structures. Different FRP materials are commercially available, including carbon fibers,
glass fibers, etc. However, due to the mismatch of strength and stiffness with substratum,
the FRP repair suffers from brittle failure [2],[16]. Also, FRP is vulnerable to delamination
and low fire resistance, limiting its use as a repair material. There is a higher cost involved
since the retrofitting material is expensive and requires specialized labor for field
applications [2],[20],[21].
1.1.2

External Plate Bonding

External plate bonding involves the use of plate using different adhesive materials. The
composite behavior of plates and the substratum material provides the required level of
structural strength. However, there are challenges in the application and performance of
this technique. These challenges include brittle failure of the beams due to debonding of
the plate, corrosion of plate, interface shear stresses between the concrete and plate surface
[22], and difficulty in handling the plate for long-span beams and butt joint systems
[2],[23],[16].
1.1.3

Concrete and Steel Jacketing

As the name implies, jacketing techniques encapsulate an existing structural member with
a layer of either concrete or steel. Jacketing is the most commonly used method due to the
low cost and ease of placement. However, this technique has proven to be a short-term
solution, and deleterious chemicals can still leak through the jacketing material rendering
them ineffective [22]. For concrete jacketing, all codes require minimum cover to
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reinforcement, which results in a thick layer of the material an increases the dead weight
of the structure, and decreases the structural efficacy of the material.
1.2

Existing Retrofit Methodologies for Deck Slabs

In most cases, the deterioration of a bridge initiates from the deck slab as it is the element
which is exposed directly to harsh environmental and loading conditions. Most of the
bridges falling in the category of structurally deficient bridges have sustained damages in
the deck slab. After initial cracking due to exposure conditions, the deterioration rate is
further aggravated by the corrosion of reinforcement. A consequence of this corrosion is a
significant loss in structural strength, which may lead to catastrophic failures of bridges.
Some research studies have shown that corrosion damages are commonly observed in
decks within a range of four to eight years [24].
The deck characterization is assessed in terms of the quality of concrete, deck surface
condition, and the existence of corrosion in the reinforcement. Commonly used repair
strategies are listed as follows:


Use of patching, crack repairs and concrete sealers



Use of protective overlays



Structural rehabilitation, including partial deck replacement or full-depth deck
replacement.

There are several common strategies used by transportation agencies to repair the top
flange of decks, such as crack repair and patching, which are good when minimal damages
are observed. For seriously damaged elements sealers, polymer overlays and asphalt
overlay are alternate options. For the bridges deck with moderate deterioration on the top
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flange, using an overlay can be an appropriate option that can increase the cover of
reinforcement and increase the resistance of the deck to the chloride. Based on the material
used for the overlays, this layer can increase the structural strength of the deck. Also,
applying the overlay on the top of the deck improves abrasion resistance, skid resistance,
and drainage [9],[8]. The type of overlay chosen for the repair is affected by many factors
including the material and condition of substrate, the cost of repair, the familiarity of the
repair crew to the methods, frequency of the traffic and lane closure time, dead load
restriction, and the cost of the maintenance in the long term [25],[10],[9],[26],[27]. Federal
transportation agencies commonly use overlays which include Silica Fume Concrete
(SFC), Low Slump Dense Concrete (LSDC), High-Performance overlay Concrete(HPC),
Latex Modified Concrete(LMC), Fiber Reinforcement Concrete(FRC), Hot Mix
Asphalt(HMA), Polymer Concrete(PC), and Very Early Strength Latex Modified Concrete
(VESLMC) [25]-36]. A summary of a few of these overlays is provided in sections below.
1.2.1

Latex Modified Concrete

LMC is a cement concrete in which a portion of water is replaced by a mixture of styrenebutadiene latex suspended in water [29]. LMC needs 1 to 2 days of deck closure, but
sometimes as little as 8 hours [28]. The service life of LMC from the field is reported an
average of 14 to 29 years [9], and 22 to 26 years from other studies [30]. LMC has a low
permeability layer with a satisfactory compressive and flexural strength [31],[32]. Some
of the disadvantages of LMC include construction quality, which is sensitive to the
weather, the need for an experienced contractor, and specialized equipment for field
application [9],[29].
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1.2.2

Very Early Strength Latex Modified Concrete

The VESLMC overlay can allow the deck to be open to the traffic just after 3 hours of
casting. Also, it provides low permeability and high strength of protection for the substrate.
Some of the disadvantages include an increase in construction errors based on a short time
of curing [30], plastic shrinkage, and bonding problems due to lack of rough substrate [33].
1.2.3

Silica Fume Concrete

Silica fume is used as a cement replacement due to the smaller size of the particle, SFC
increases the permeability of the concrete, and early strength gain can allow shorter traffic
closures [34]. The cost of this material is less when compared to LMC, but it has better
bond performance [29]. Additional benefits of SFC include the ease of installation and
construction, low permeability, and good freeze-thaw durability[32]. Also, the shear
strength of SFC is 7% higher than LMC [34]. However, due to the greater demand for
water for hydration, the probability of cracking during the curing process increases
[35],[34]. This issue can be reduced by adding shrinkage-reducing admixture, which
reduces the probability of delamination. Asphalt concrete overlay is a permeable material,
so for increasing the water penetration resistance, a waterproof membrane is added to the
mix.
1.2.4

Hot Mix Asphalt

Hot mix asphalt is the most commonly used overlay on the bridge deck. Some of the
advantages of HMA overly are its ease of installation, low cost, improved riding surface of
the deck, and the fact that it can be used in all kinds of the deck with different geometrical
configurations. Based on the elastic nature of the membrane, it can bridge and prevent the
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propagation of concrete cracks. The disadvantage includes the increase of dead load, the
difficulty of removal, inspectability issues, and short life span [9],[36].
Using a compatible material for the repair with maximizing the advantages in terms of the
load-caring capacity, durability, ease of implementation, early strength, self-consolidating,
high flowability, and bond strength can be a smart option for repairing the deficient
reinforcement concrete structures. Therefore, Ultra-high performance concrete with
achieving the above advantages can be suggested as a practical option for repair and
rehabilitation of bridge concrete elements under predominantly flexural loads.
1.3

Ultra High-Performance Concrete (UHPC)

Ultra High-performance concrete is comprised of cementitious materials and shredded
fibers that allow for a high compressive strength greater than 126 MPa (18 ksi) and enhance
post-cracking tensile strength greater than 5MPa (0.7 ksi) [37],[38],[39],[40],[41].In
UHPC the higher cement factor in comparison to normal strength concrete (NSC) [42],[43]
provides an enhanced of the material density and strength[42],[44],[45],[46],[47],[48],[49]
[50]. The low water-to-cement ratio (W/C) of UHPC typically less than 0.25 as well as the
partial replacement of a portion of the un-hydrated cement with the pozzolanic components
such as blast furnace slag, fly ash and silica fume allow for the high compressive strength
and low permeability [51], [52], [53],[54],[55].
To improve the workability of the UHPC, superplasticizer is added to the mixture. Also
adding the silica fume can increase the workability of the mixture as well as selfconsolidating[45],[46],[56],[57],[58],[59],[60].
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The discontinuous pore structure of the low permeability of UHPC reduces liquid ingress
and significantly enhances the durability of the material to chemical degradation include
corrosion compared to conventional concrete. In this research, the UHPC used is Ductile,
which is a commercial product made with Lafarge. The composite of this material is
illustrated in Figure 1-2.

Figure 1-2 UHPC Ductile composition[37].

Fibers in the form of steel, glass, and plastics are included in the concrete to increase its
structural integrity, decreasing brittle behavior, reducing cracking tendency, and improving
post cracking behavior [61]. The most common size of fibers is 13 mm (0.5 in.) in length
and 0.20 mm (0.008 in.) in diameter with a recommended ratio of typical 2% by volume
[37] ,[48],[58],[62].The chemical composition of steel fiber is listed in table 1-1.
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Table 1-1 Steel fiber composition [37].
Elements
Aluminum
Chromium
Sulfur
Phosphorus
Silicon
Carbon
Manganese

Composition (%)
≤0.03
≤0.08
≤0.025
≤0.025
0.15-0.30
0.69-0.76
0.46-0.60

The enhanced tensile characteristic of UHPC can provide higher bond strength between
UHPC and rebar, which helps to decrease development length significantly. The
development length can be a function of rebar cover, size, and percentage of fibers in
UHPC. For the UHPC with 2% fiber, the minimum development length is reported as 10db
while the minimum cover is more than 3db, which compared to the normal concrete this
length is reduced to 20-30%.[63].
The initial setting time of UHPC is reported between 4 to 9 hours, and the final time is
setting time is reported between 7 to 24 hours.[64].UHPC in ambient condition only after
five days can gain strength almost 68 MPa (10 ksi) [37], the short time of setting and
gaining strength can help to expedite the construction.
Moreover, to the above distinguished mechanical characteristic of UHPC, the interaction
of UHPC with the normal concrete is important to provide composite action with the old
cast normal concrete in the field of rehabilitation or precast concrete. Concrete-to-concrete
bonds can be influenced by different factors such as surface roughness, curing process,
substrate moisture condition, the effect of mechanical connectors, and use the bonding
agent. The interface bond strength of UHPC is investigated with previous researches,
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which shows concrete substrate repaired with UHPC is stronger by a factor of two
compared with concrete substrate repaired with concrete[65].
1.4

Proposed Retrofitting Method

Although the repairs and retrofitting methodologies mentioned above provide some level
of safety, they do not significantly improve durability or structural strength. To address
these issues, the use of Ultra-High Performance Concrete (UHPC) can provide durability,
and a thin configuration of these layers can improve structural strength while keeping
additional weight to a minimum. In this idea, after removing the contaminated concrete
and corroded rebar thin layer of UHPC, in a configuration that will cover the damaged area
and get attached to the element will cast Figure 1-3. Some of the additional advantages of
using UHPC shell for retrofitting include very low permeability, high durability, and
service life, the fluidity of UHPC, and excellent bonding between UHPC and substratum
[2],[7]. One of the outstanding properties of the UHPC is its flowability, which helps to
cast shells in a variety of shapes. The purpose of this study is to investigate the feasibility
of the idea by retrofitting a flexural bridge element with UHPC.
Several studies have been carried out on UHPC, but they mainly focus on material and
mechanical properties. UHPC has also been used for the construction of new bridge
elements. The first bridge to be built with UHPC in the North American bridge is located
in Sherbrook, Quebec, Canada, in 1997. The first bridge in the U.S. to employ UHPC was
constructed in Wapello County, Iowa, in 2006. From the year 2006 till 2019, the number
of bridges with the use of UHPC in bridge construction has exceeded 180 cases.
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Figure 1-3 Proposed repair and retrofit technique.

1.5

Objectives

Many researchers have carried out extensive material testing and the results show that
UHPC demonstrates enhanced characteristics. The high compressive strength and tensile
strength of UHPC compared to the normal concrete makes it a practical option for
retrofitting and rehabilitation of concrete structures. The good interface bond strength of
UHPC to the normal concrete as a substrate can guarantee the composite action between
old and new structures. The low permeability of UHPC makes it an excellent barrier to
protect damaged structures in a severe environment. Implementation of UHPC in the field
of retrofitting can potentially result in structural enhancement and increasing service life
of damaged structures. Moreover, high flowability and self-consulting result in casting
UHPC in a variety of shapes and ease of construction.
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The objective of this research was to investigate a repair method for flexural bridge
components by applying a thin layer of UHPC. The purpose of this proposed repair method
was to enhance the structural performance and durability performance of damaged
elements. To this effect, a series of material, interface, and mechanical testing was carried
out. The experimental testing will be complemented with finite element analysis to
understand the mechanism of failure of the retrofitted elements. The results of the
experimental and analytical study will be summarized in a guideline to assist industry
professionals and practitioners for the practical implementation of the proposed
methodology.
1.6

Organization of the Dissertation

The dissertation is organized in 10 chapters. Initially, the problem statement, scope, and
objective of the research and proposed repair and retrofit technique is briefly explained. In
chapter 2, the preliminary work for the feasibility of the study is illustrated. This chapter
presents an experimental study that was performed as a part of an overall program to
investigate the potential of retrofitting the bridge elements by attaching a thin layer of
UHPC shell to damaged areas. The study includes thirteen tests with a variety of damages
and UHPC shell thickness constructed at the Structures Laboratory at Florida International
University. This preliminary investigation was used as proof of concept for evaluation
methods used in the next chapters. The bond performance of UHPC and normal concrete
is investigated in Chapter 3. In this chapter, the bond strength between UHPC and substrate
made of normal strength concrete with different surface preparation was investigated
experimentally. Thirty specimens were tested under a bi-surface shear test setup with
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different surface preparation, including roughness degree, mechanical connector, and a
bonding agent. Furthermore, two qualitative non-contact test methods, including laser
scanning and digital image processing, were incorporated to evaluate the roughness of the
substrate interface and correlate the roughness degree to the bond strength between the two
materials.
Chapter 4 provides a recommendation for the surface preparation before retrofitting is
performed. In this chapter, the bond strength between UHPC concrete and substrate made
of normal strength concrete with the smooth and rough surface with a combination of
different ratios of mechanical connectors is investigated. Thirty-nine specimens were
tested under push-up shear test setup, and at the end, the recommendation for interface
shear strength and the minimum and maximum mechanical reinforcement needed for
retrofitting the bridge elements is presented.
A novel technique to evaluate the substrate surface was presented in Chapter 5. Two novel
methods are presented to estimate the concrete surface roughness from images with high
resolution. In the first method, a digital image processing method was proposed to
distinguish the coarse aggregate from cement paste, and a new index was presented as a
function of aggregate proportional area to the surface area. In the second method, data
augmentation and transfer learning techniques in machine learning are utilized to classify
new images based on predefined images during the learning process. Both methods were
related to a well-established method of 3-D laser scanning from sandblasted concrete
surfaces.
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Chapter 6 evaluates the main characteristic of UHPC, and a numerical model is proposed
for simulating the behavior of the material and bond performance between normal concrete
and UHPC. Chapter 7 presents an experimental study on the feasibility and constructability
of the proposed method by retrofitting a large scale T-section deck. To evaluate the
performance of UHPC as repair material, a T-section deck section was cast with simulating
the damages in the cover concrete and the reinforcement in the flange and the web.
Chapter 8 presents an experimental study on the durability of UHPC using soil resistance
meter and electrochemical impedance spectroscopy (EIS) test based on different
percentages and orientations of the mixture of steel fibers. After material testing to evaluate
the performance of protective shell in the field, for the large T-section Bridge, the durability
of UHPC to protect or postpone the corrosion of reinforcement in an aggressive chloride
environment was investigated using half-cell and microcell current tests.
Chapter 9 The numerical model proposed in chapter 6 is evaluated and, after validation, is
used to predict the behavior of large T-section under flexural loads. Also, in this chapter,
an adopted simplified uniaxial stress-strain relationship for estimating the force and
moment capacity of the retrofitted flexural members is proposed. Moreover, an adopted
simplified equation to calculate the interface shear stresses for design is suggested. In the
end, a short recommendation and guideline for retrofitting is provided.6
Chapter 10 summarizes the highlighted conclusions, and accordingly, future work is
suggested.
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Figure 1-4 Research Outline.
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CHAPTER 2 EXPERIMENTAL INVESTIGATION OF HIGH PERFORMING
PROTECTIVE SHELL USED FOR RETROFITTING BRIDGE ELEMENTS
(FEASIBILITY STUDY)
The American Association of State Highway and Transportation Officials (AASHTO)
estimates that repairing of 67,000 structurally deficient bridges will cost roughly $76
billion [2],[66],[67],[68],[3].
Many bridge elements are exposed to a severe environment. The structural damages in
concrete can occur from different sources such as atmospheric effect, corrosion,
overloading, construction joint fatigue effects, shrinkage, error in design and detailing,
chemical reaction, traffic loading, and errors in construction. Chlorides from natural
sources (saltwater) or the application of deicing salts can ingress through cracks in concrete
and result in corrosion of steel reinforcement [2],[3],[4],[5],[6],[69],[70]. The development
of a system for easy and quick repair of damaged areas can provide bridge owners with
alternatives for extending the use of existing bridge inventories [2],[71].
One of the outstanding properties of the UHPC is its low permeability [50], which can
make it a suitable material for hardening and protecting the existing and new reinforced
concrete structures subjected to severe environment and mechanical stresses [72][73]. A
thin shell of the UHPC can be made in a variety of shapes by applying new technologies
such as 3-D printing for making of formwork. The formworks could then be attached to
the damaged elements, and the UHPC could be poured in the filed. The thin shell of UHPC
can protect the bridge elements against chloride intrusion and other damages. Studies have
shown that the layer of UHPC retrofitted beams can increase the strength of reinforced
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concrete beams [2]. Also, the UHPC layers can be used for new structures like closure joint
and also new formwork.[74],[75],[76],[77],[78].
This study was performed as a part of an overall program to investigate the potential of
retrofitting the bridge elements by attaching a thin layer of UHPC shell to damaged areas.
The study includes thirteen tests constructed at the Structures Laboratory at Florida
International University. This preliminary investigation was used as proof of concept.
Additional tests are underway to implement the concept in practice. The materials
presented in this research should be viewed as the introduction to the idea [2].
2.1

Introduction

Rehabilitating damaged concrete elements can be called a more attractive alternative to
rebuilding and demolishing existing structures based on the present national economic
climate [13],[79]. In specific projects retrofitting is the only option because of budgetary
restrictions that bridge owners are facing [2].
Based on the availability of the materials, the cost, the level of damage, and the
environmental conditions, several methods of repair have been developed. These methods
include attaching external plate by using bolting or epoxy, external bonding reinforcement,
chemical grouting, Portland cement grouting [4],[16] resin based repair mortar, high flow
concrete, jacketing technique, patch repair, low slump dense concrete, Fiber Reinforced
Polymer (FRP) and fiber shotcrete [13],[14],[15].
Retrofitting methods generally include the removal of existing demolished concrete;
surface preparation can be done by water demolition, sandblasting, hand chipping and iron
brushing, etc. [2],[17] [18],[18],[19]. Selecting the right method, details related to the
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severity and location of existing damage, and the right material are critical steps [16],[2].
In FRP retrofitting the challenges are cited as brittle failure related to mismatching of
strength and stiffness with substratum [2],[16], resin cost, toxic fumes, shear resistance
capacity, flammability of the resins, non-applicability on wet surfaces and lack of vapor
permeability and recycling [2],[20],[21]. In the external plate bonding technique, the
challenges are brittle failure of the beams, which are strengthened for flexural failure
related to the debonding of the plate, corrosion of plate, interface shear stresses between
the concrete and plate surface [22]. Furthermore, difficulty in handling the plate for longspan beams and butt joint systems can be called other drawbacks of this
method[2],[23],[16].In reinforcement jacketing method the time that it takes to do the
construction and in steel jacketing corrosion of the steel are the main concern [22]. In patch
repair, which involves applying mortar to the spalled, debonding failure is the major
problem [80].
Some of the advantages of using UHPC shells in retrofitting include very low permeability,
high durability, and service life, reducing the time of retrofitting, the flowability of UHPC,
the possibility of using the shell in different shapes and sizes and good bonding between
UHPC and substratum [2],[7].
2.2

Experimental Investigation

As part of an ongoing research project to develop retrofitting techniques to retrofit damaged
sections of bridge elements rapidly, thirteen test specimens were constructed and tested.
Results of test specimens are provided in this paper. These tests are used to draw
conclusions and develop a set of recommendations that will be used in the design and
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Figure 2-1 Test specimens details.
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construction of additional specimens to be tested within this project. The thirteen test
specimens consisted of rectangular beams, 8 x 12-in., and 96-in. long. Figure 2-1 shows
the details of the test specimens. The reference specimen is without any damage and is used
as a reference point. Other specimens simulate various types of damages. These damages
are in the form of removing cover concrete at the bottom of the beam and removing some
of the longitudinal tension reinforcement. Specimens CD1, CD2, and NS-24-1, were
identical, except that the simulated damage area in specimen NS-24-1 was repaired using
a thin layer of UHPC shell.
Table 2-1 Test Specimens Matrix

Specimen ID

Cover
loss
At
Sides
(in)

Added
UHPC
length
(in)

Added
UHPC
Thickness
At the
bottom
(in)

Reference
0
0
CD1
0
0
CD2
0
0
NS-24-1
0
36
S-24-0.75
0.75
24
SM1-24-0.75
0.75
24
SM2-24-0.75
0.75
24
S-24-1.5
1.5
24
S-24-2
2
24
R-12-0
0
24
SR-12-0.75
0.75
24
S-12-1.5
1.5
24
S-12-2
2
24
SMR-X-Y
S: Sandblast, M: Mechanical connection,
of UHPC insides, CD: Control Damage.

0
0
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

Added
UHPC
Thickness
At
Sides (in)

Rebar
Cut
length
(in)

Rebar
Added
Length
(in)

Sand
blast

Nail
Added

0
0
0
1
0.75
0.75
0.75
1.5
2
0
0.75
1.5
2

0
24
24
24
24
24
24
24
12
12
12
12
12

0
0
0
0
0
0
0
0
0
22
22
0
0

NO
NO
NO
NO
YES
YES
YES
YES
YES
NO
YES
YES
YES

NO
NO
NO
NO
NO
YES
YES
NO
NO
NO
NO
NO
NO

R: Reinforcement added, X: length of rebar cut, Y: the thickness
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As shown in Figure2-1, in all damaged specimens, part of the bottom concrete cover was
removed, exposing the longitudinal tensile reinforcements. The discontinuity in concrete
is 8 x 1.5-in., and 24-in. long in the middle of the beam. Each specimen included three
number 4 reinforcing bars. In damaged specimens, in the middle of the beam, one of the
longitudinal reinforcements was cut.

For specimen NS-24-1, the UHPC was poured from one side of formwork to ensure a
uniform shell around the damaged area Figure2-2. It should be noted that the UHPC shell
placed on sides of test specimen NS-24-1 was firmly attached to the bottom side of the
beam, while the vertical sides did not incorporate any mechanism for positive attachment.
Further, the surface of the beam was not prepared in any way prior to placing the UHPC.
For the rest of the test specimens, the selected strategies include mechanical connections
and having the entire shell element being flushed with the surface of existing concrete and
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SR-12-0.75

NS-24-1

SM2-24-0.75

SM1-24-0.75

S-12-2

S-12.1.5

Figure 2-2 Test Specimens Matrix

SR-12-0.75

S-12-2

SM2-24-0.75

S-24-2

Figure 2-3 Detail of the test specimens surface before sandblasting.
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SR-12-0.75

S-12-2

S-24-2

SM2-24-0.75

Figure 2-4 Detail test specimens surface after sandblasting

Specimens S-24-0.75, FSM1-24-0.75, and SM2-24-0.75 were identical, except that the
simulated damage area in specimen S-24-0.75 was repaired using only with a thin layer of
UHPC and for specimen SM1-24-0.75 and SM2-24-0.75 different pattern of mechanical
connectors were added too. Specimens S-24-1.5 and S-24-2 were identical as specimen S24-0.75 in the concept of using the only UHPC in the damaged area without any mechanical
connections, and their difference is the thickness of UHPC shell in the sides. As shown in
Figure 2-1.
For most of the damaged test specimens, surfaces were prepared with the sandblasting and
making the surfaces coarse for making better bonding between the UHPC shell and the
regular concrete Figure 2-3 and Figure 2-4 show the surfaces before and after preparation.
For the rest of the test specimens, the cut length of rebar was 12 inches long and SR-12-0
and SR-12-0.75 rebar with a length of 22 inches was added to the damaged area.

23

2.2.1

Material Properties

Normal-strength concrete, provided by a local supplier, was used in the construction of all
beam specimens. The average comprehensive strength of the concrete at the day of tests
was 7.1 ksi (49 MPa). ASTM A615 Grade 60, No.4 (12.7-mm diameter) and No.3 (9.525mm diameter) steel reinforcing bars were used for longitudinal reinforcement and stirrups.
The yield and ultimate strength of the longitudinal reinforcement were 68 ksi (468 MPa)
and 113 ksi (780 MPa), respectively.
This research utilized the use of Ductal® JS1000, which is a proprietary UHPC mix
manufactured by Lafarge. The Ductal® JS1000 was shipped as premix from Lafarge, North
America. However, the rest of the UHPC components, such as superplasticizer and steel
fibers, were shipped in different packaging by the same manufacturer, as shown in Figure
1a. The superplasticizer was Chryso® Fluid Premia 150, and the steel fibers were straight
fibers with a radius of 0.1 mm (0.004 in.) and a length of 13 mm (0.5 in.). The concentration
of steel fibers in the mixture was chosen to be 2% by volume. The UHPC was proportioned
by weight using a 136-kg (300-lbs) scale with an accuracy of ± 0.01 kg (0.022 lbs). Water
and steel fibers were batched individually using 19-liter (5-gallon) buckets, and the
superplasticizer was batched in a smaller plastic cup. Water and the superplasticizer were
batched 20 minutes before the mixing process to reduce the potential of evaporation. The
UHPC weight proportions are listed in Table 2-2.
A large pan-style mixer with the orbital mixing action was used, as shown in Figure 2-5.
Mixing procedure of UHPC components started by dispatching UHPC dry premix into the
mixture for four minutes mixing time. The required water and half of the superplasticizer
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were added to the mixer for 15 minutes, mixing time. The other half of the superplasticizer
was added, and after two minutes of mixing, the dry mix turned to a concrete paste. Then
the steel fibers were added to the mixture. The UHPC mixture was mixed for a further 5 to
6 minutes to have a uniform mix. Table 2-3 shows the mixing procedure.

(a)

(b)

Figure 2-5 UHPC mixing process: (a) UHPC components; (b) Steel fiber; (c)mixing process;(d) UHPC
mixture with the addition of steel fibers.
Table 2-2 UHPC mixture proportions [65],[37].(1 kg= 2.2 lb)
Constituent

Ductal® JS1000

Water
Steel fiber 2%
Superplasticizer

Portland cement
Fine sand
Ground quartz
Silica fume
Accelerator
Total weight of premix

Portion based on each
premix bag (Kg)
7.43
10.64
2.2
2.41
0.31
23
1.2
1.6
0.32

25

Percentage by weight
(%)
28.5
40.8
8.4
9.3
1.2
88.2
4.4
6.2
1.2

Table 2-3 UHPC mixing procedure [65],[37].
Procedure
Mixing UHPC dry premix
Adding water
Adding half superplasticizer
Adding the other half superplasticizer
Adding steel fibers
Mixing until complete uniformity

2.3

Start Time (min)
0
4
4
19
21
≃30

Test Setup and Testing Procedure

Flexure testing using three-point loading was used. The testing of the specimen was
achieved by placing the beams over roller type supports and loading each specimen using
single hydraulic jacks, as shown in Figure 2-6.

Figure 2-6 Test set up detail.

Deflections of the test specimens were measured by using three linear string
potentiometers, which were located at supports and mid-span. Each test specimen was
loaded until failure load and deflection was observed continuously during the tests.
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2.4

Test Results and Observations

The reference specimen was loaded at a rate of 0.4 kips/min. The first flexural cracks were
observed at a load of P = 5 kips, Δ = 0.07 in. By increasing the loads, the flexural cracks
increased in length, and the height of the beam and the beams failed when the applied load
reached 23.kips with the corresponding deflection, Δ = 0.14 in (Figure 2-8).
Specimen CD1 was loaded with a rate of 0.62 Kips/min. The first crack was observed at a
load of P=5 kips, Δ = 0.04 in. and by applying more load, more flexural cracks were
observed at the bottom of the beam in the tension area. Crushing of concrete in the
compression side was first observed at a load of P=16.89 kips, Δ = 1.55 in. The final failure
occurred at a load of P = 17.5 kips, Δ=3.2 in. (Figure 2-7).
Specimen CD2 had its first crack at the load of 4.2 kips, and the next crack was observed
at a load of 6 kips, and by increasing the loads, the specimen crushed at a load of 17.5 kips.
Specimen NS-24-1 was loaded at a rate of 0.5 Kips/min. The first crack was observed at a
load of P = 7.7 kips, Δ = 0.06 in. at the bottom of the boundary of the shell and regular
concrete. At load P = 10 kips, Δ = 0.11 in., the first crack became wider, and one flexural
crack was observed at a distance of 8 in from the edge of the UHPC shell at the regular
concrete. At the load P = 13 Kips, Δ = 0.22 in., the cracks between the regular concrete and
the UHPC shell at the top and the side were observed. At the load P = 15.5 Kips, Δ = 3 in.
it was observed that the crack inside the regular concrete close to the boundary became
wider. By increasing the load up to P = 17 Kips, Δ = 1.6 in., a uniform crack was observed
around the boundary of the UHPC and the regular concrete and at the load P = 18.3 Kips,
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Δ = 1.96 the separation of UHPC shell from regular concrete on sides of the beam was very
apparent. (Figure 2-7).

CD1

NS-24-1

S-24-0.75

SM1-24-0.75

SR-12-0.75

S-24-1.5
NS-24-1
S-24-0.75

R-12-0

SR-12-0.75

SM1-24-0.75

S-12-2

SM2-24-0.75
S-24-1.5

S-12-1.5
S-24-2

Figure 2-7 Failure of the test specimen and crack patterns.
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This preliminary test result indicated that there is a need to have a mechanism to prevent
the separation of UHPC shells from repaired areas. Test specimen S-24-0.75 had its first
crack at loads of 6 kips, at load 20 kips, the loads dropped; however, no crack was observed,
so maybe it was because of slippage between the shell and regular concrete. It was observed
that the concrete inside crushed.
Test specimen SM1-24-0.75 had a minor crack at 2 kips outside the UHPC shell, and at
load 3.8 kips some cracks were observed at UHPC edges. In the middle of UHPC shell at
the load of 18 kips, Δ = 1.05 in we had a big crack in the middle of UHPC shell that it may
be caused by increasing shear and concentrated stress at two nails.at this point the test was
stopped and the load was dropped. At the end of the test, big cracks in the middle of UHPC
and also between the connection of UHPC shell and regular concrete were observed. This
test showed better durability compared to previous specimens.
Test specimen SM2-24-0.75 had its first crack at a load of 6 kips at joint of regular concrete
and UHPC shell. At the load of 7 kips the first crack was observed on the surface of UHPC
shell. At the load of 9 kips the first crack was observed in the middle of UHPC shell, and
a load of 10 kips, the first flexural crack outside of UHPC shell, was observed. By
increasing the load, the crack in the middle of the beam becomes larger, the same as
previous good deflection was observed.
For specimen S-24-1.5, the first crack appeared at load 3 kips on the surface of UHPC shell
at the load of 6 kips. Two edges of shell boundary had cracks. At the load of 8 kips the first
flexural crack appeared outside of UHPC area. In this case, less crack comparing to case
S-24-0.75 was observed. At load 18 kips a big crack and gap at the connection of UHPC
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and regular concrete was found that may cause by pop out of the rebar from the boundary.
At the end of the test, deflection measured as 2 inches.
Test specimen S-24-1.5 had its first crack on the surface of UHPC at a load of 5.7 kips, and
at the load of 8 kips the first crack appeared outside of UHPC. For this case, even at a load
of 14 kips no more cracks were observed in a load of 15.5 kips an increase in the stiffness
was observed. At a load of 15.5 kips and deflection of Δ = 0.3 in one large cracks were
observed between the connection of UHPC shell and regular concrete. Figure 2-7 because
of this unpredictable behavior After the test, this specimen was opened., It was noted that
the reinforcement in the damaged area was cut 0.5 longer, which made the concrete
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Figure 2-8 load displacement diagram for test specimens.
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5

Test specimen R-12-0 developed first crack at 9 kips, and next crack was observed at load
11 kips, by increasing the load the specimen crushed at the load of 17 kips and Δ = 1.16 in.
For test specimen SR-12-0.75, the first crack appeared at a load of 11.5 kips and Δ = 0.11
in. At load 22 kips, UHPC started to detach from the beam, and the load dropped. At the
load 20 kips, Δ = 0.17 in the load started to increase; however, in the end, the beam failed
in compression at the load of 19.5 kips, Δ = 1.7 in. Even until load 18 kips and Δ = 2.2 in
No damage was observed on the UHPC surface, and all the damages were observed in the
bond of UHPC and regular concrete in the boundary of one side and also as the crush of
regular concrete at the tops side of regular concrete Figure 2-7.
For specimen S-12.1.5, the first crack appeared at a load of 12.3 Kips, Δ = 0.1in. At the
load of 20.3 Kips, Δ=0.4 a wide crack in the middle of the beam was observed when there
were no other cracks on the surface of the UHPC. In the end, the beam started to crush at
the load of 21 kips, Δ = 1.7 in.
Test specimen S-12-2, at a load of 14.7 kips, Δ = 0.14 in, some cracks were observed in
the middle of UHPC and outside of the UHPC on the regular concrete. By increasing the
load up to 20 kips, Δ = 0.37 in. the flexural cracks increased in the middle of UHPC shell
an at the end test specimen crushed at the load of 19.5 Kips, Δ = 1.4 in. The resulting loaddisplacement responses of all thirteen specimens are provided in Figure 2-8. The results of
retrofitted beams show an increase of almost 35% capacity in the flexure capacity of the
beam compared to damaged beams.
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2.5

Summary and Conclusion

This chapter provides an alternative method to repair damaged portions of bridge elements
using a thin UHPC shell.
In this study, thirteen beam specimens were tested. Based on the results of these tests, the
following preliminary conclusions can be made:


The UHPC shell concept to repair damaged bridge elements is a promising concept.



From the experimental result and the mechanism of failures, it could be concluded
that sandblasting could provide an adequate interface bond strength between the
regular concrete and the UHPC.



As expected, a combination of adding rebar and using UHPC (SR-12-0.75), and
using 2 inches UHPC insides (S-24-2 and S-12-2) could give the best results based
on increasing the strength.



Having 1.5 inches UHPC in each side and touching the core of the stirrups (S-251.5, S-24-2, S-12-1.5and S-12-2) can guarantee a good bonding between regular
concrete and UHPC shell.



The result of the finite element models showed an acceptable agreement with the
experimental tests, which make it a practical tool for predicting the structural
performance of elements using UHPC.

Many additional aspects of the proposed techniques need to be researched before
implementation in the field. These include construction techniques for the shell, durability,
and long term performance of the retrofitted areas. Additionally, preventing further
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CHAPTER 3 EVALUATION OF BOND STRENGTH BETWEEN CONCRETE
SUBSTRATE AND ULTRA-HIGH PERFORMANCE CONCRETE
Exposing bridge elements to severe environmental conditions causes a reduction in service
life and durability, which demands repair or total replacement. Different strategies for
repair and retrofit can be chosen. These strategies include patching, crack repairs, concrete
sealers, a protective layer made of concrete or steel. Ultra-high performance concrete offers
an option for repairing and retrofitting different bridge elements; however, the bond
strength between the concrete substrate and ultra-high performance concrete can still be
considered a knowledge gap in the literature. In this paper, the bond strength between ultrahigh performance concrete and substrate made of normal concrete with different surface
preparation was investigated experimentally. Thirty specimens were tested under a bisurface shear test with different surface preparation, including roughness degree,
mechanical connector, and a bonding agent. Furthermore, two qualitative non-destructive
test methods, including laser scanning and digital image processing, were incorporated to
evaluate the roughness of the substrate interface and correlate the roughness degree to the
bond strength between the two materials. The results showed that an adequate roughness
for the interfacial surface with or without mechanical connectors transferred the failure
mode to the concrete substrate indicating high bond strength between the two materials if
compared to interfacial surfaces without any preparation. In addition, the use of a bonding
agent could harm the bond strength between the two materials, which is inappropriate for
retrofitting. The result from scanning and image processing showed that both methods
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qualitatively identified the degree of interface roughness, and their result can be correlated
to bond strength.
3.1

Introduction

There are several common strategies used by transportation agencies to repair and retrofit
deteriorated bridge elements. For example, researchers used some strategies such as the
use of concrete jackets [81], steel jackets [82], or fiber-reinforced polymer [83] in repairing
and retrofitting bridge columns which are deteriorated by environmental attacks or damage
due to earthquake events. These strategies have some drawbacks such as corrosion of steel
in case of steel jackets, intensive labor work in case of concrete jackets, high cost in case
of fiber-reinforced polymers, and more important, altering the local and global response of
the bridge systems under lateral load. For bridge elements that are subjected to
predominantly flexural load such as bridge decks, superstructure girders [2],[84], and
substructure cap beams, the repair techniques are chosen based on the degree of damage in
the element. As an example, bridge decks, and the top flange of decks can be repaired by
either patching, crack sealer, asphalt overlay, or polymer concrete [85]. For the bridges
deck with moderate deterioration on the top flange, using a complete overlay can be an
appropriate option, which can increase the cover of reinforcement and increase the
resistance of the deck to the chloride diffusion after removing the deteriorated layer. Based
on the material used in overlays, the structural strength of deck and superstructure girders
can be increased in addition to enhancement in abrasion resistance, skid resistance, and
wearing surface [9],[8]. These repair and retrofit methods include some prerequisite steps
such as removal of the deteriorated concrete and corroded reinforcement by milling or
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hydro-demolition; surface preparation by water demolition, sandblasting, hand chipping,
and iron brushing, to enhance bond strength between overlay and substrate; removal of
concrete dust by shot-blasting; saturation of substrate surface prior to casting the proposed
overlay. After the completion of prerequisite steps, casting the overlay on the saturated
surface should be conducted, then the bridge should not be open for service until the
overlay is hardened [2],[17],[19],[30].
For the side and bottom damage of superstructure bridge elements (web and bottom flange
of both T-sections and I-girders), repair and retrofit techniques are needed. Based on the
availability of materials, cost of repair, level of damage, and environmental condition,
several repair methods of these locations have been developed. These methods include
attaching external plates by bolting or epoxy resin, external bonding reinforcement,
chemical grouting, Portland cement grouting [4],[16], resin-based repair mortar, jacketing
technique, patch repair, low slump dense concrete, fiber-reinforced polymer (FRP), and
fiber-shotcrete [13],[14],[15]. Ultra-high performance concrete (UHPC) introduces a
potential for repairing these locations in superstructure girders.
One of the most important aspects of repairing deteriorated concrete elements is the bond
strength between the concrete substrate and the repair material. Momayez and Ehsani [86]
compared methods of evaluating bond strength between concrete substrate and repair
material. Santos et al. [87] tested several specimens with different surface preparation,
including a smooth surface, rough surface, and bond agent between the concrete-toconcrete surface. Correlation methods using scanning and image processing were used to
correlate the bond strength to substrate surface roughness of concrete-to-concrete
specimens [88].

36

To the best of the authors’ knowledge, this paper presents the first attempt to
comprehensively evaluate the bond strength between concrete substrates and UHPC as a
repair material. The research includes experimental results for bond strength between
concrete-to-UHPC specimens with different surface preparations using the bi-surface shear
test in addition to a correlation between bond strength and surface roughness using laser
scanning and digital image processing methods.
3.2
3.2.1

Background
Design Expressions Background

The interface between two concrete segments, cast in different ages, had been investigated
extensively within the last 50 years [89][90][91]. Up to date, there is no sufficient research
or specific code equations to estimate the interface shear strength between old normal
strength concrete (NSC) substrates and new cast-in-place UHPC layers. To develop such
equations, the same principles for shear mechanism between two different concrete layers
can be considered by adjusting the current values of shear resistance based on the
combination of adhesion and mechanical interlock (cohesion), coefficient of friction, and
mechanical connector resistance.
Shear-friction theory developed by Birkeland and Brikland in 1966 [92][93] is one of the
most adopted theories in design codes (fib Model Code 210 [94], Eurocode 2 [95], ACI
318-17 [96], CAN/CSA [97], AASHTO-LRFD Bridge Design Specifications [98], and PCI
Design Handbook [99]). The shear-friction theory assumes that the load transfer
mechanism at concrete-to-concrete interface, subjected to shear and compression forces, is
carried only by friction. The shear strength is mobilized through a relative slip between
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both concrete segments due to surface roughness, this also causes a normal displacement
(dilatancy) and tensile yielding of the reinforcement crossing the interface. As a result, the
reinforcement develops compressive stress and resist the slippage. A simple saw-tooth
model can be used to exemplify the basic principle of this theory, as shown in
(Figure.3-1).
In Figure 3-1, as the slipping increase, a normal displacement occurs. This displacement
can be large enough to make the shear connector to yield in tension and caused the shear
resistance. Brikeland and Birkeland were the first to propose a linear expression to evaluate
the ultimate shear stress of the concrete interface. The proposed expression is as follow:
𝑣𝑢 = 𝜌𝑓𝑦 𝑡𝑎𝑛𝑔𝜑 = 𝜌𝑓𝑦 𝜇

(3-1)

Which 𝑣𝑢 is the interface shear strength, 𝜌 is the reinforcement ratio, and 𝜑 is the internal
friction angle, and its tangent is the coefficient of friction.
After suggested friction models a lot of researches tried to increase the accuracy of
proposed equation[100] with considering the cohesion of interface including adhesion and
interlock and dowel action related to deforming the mechanical connectors including
flexure, shear and kinking (tension) forces[101] (Figure 3-1). In 1972, Mattock and
Hawkins [102] proposed an equation called “modified shear-friction theory,” including the
constant cohesion of interface and external load with considering the coefficient of friction.
Mattock did the most effort to investigate the bond strength [103],[104],[105],[106]. In
1978, Loov, for the first time, proposed an equation including the compressive strength of
the weakest concrete layer[107]. After Mattock [108], a lot of researches
[109],[110],[81],[111],[112],[113],[114],[115],[116],[17] try to adopt the formulas till in
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1997 that Randel [117] made a significant contribution to the improvement of the accuracy
of the design expression for the assessment of the ultimate shear strength of the interface
between concrete-to-concrete interface. Randel considers the interface shear strength as the
combination of three load transfer mechanism. Cohesion which is a combination of
adhesion and aggregate interlock, friction due to the friction theory and external loads
influenced by surface roughness and dowel action related to deforming the connectors and
just including the flexural resistance of mechanical connectors Fig3-1 (Eq 3-2):
𝑣𝑢 = 𝑐

𝑓𝑐𝑘 1/3
𝛾𝑐𝑜ℎ

+ 𝜇 (𝜌𝑘

𝑓𝑦𝑘
𝛾𝑠

𝑓

+ 𝜎𝑛 ) + 𝛼𝜌√( 𝛾𝑦𝑘

𝑓𝑐𝑘

𝑠 𝛾𝑐

) ≪ 𝛽𝑣

𝑓𝑐𝑘
𝛾𝑐

(3-2)

Where 𝑣𝑢 is the ultimate shear stress at the interface; c is the coefficient of cohesion; 𝑓𝑐𝑘 is
the characteristic value of the concrete compressive strength; 𝛾𝑐𝑜ℎ is the partial safety
factor for the cohesion; 𝜇 is the coefficient of friction; 𝜌 is the reinforcement ratio; 𝛾𝑠 is the
partial safety factor for the reinforcement; 𝜎𝑛 is the normal stress at the interface due to
external loading; 𝛼 is a coefficient for the flexural resistance of the reinforcement(dowel
action), 𝛾𝑐 is the partial safety factor for the concrete; 𝛽 is a coefficient allowing for the
angel of concrete diagonal strut, the yielding of the rebar passing the interface was 72.5ksi,
and the amount of constant values for proposed design expression is listed in Table 3-1.
Also, Randel suggests the sand patch ASTM E965[118] method evaluates the surface
roughness of the substrate to consider the roughness of the surface. After Randel, some
researches proposed an equation not considering the dowel action to simplify the equation
and considering its effect by highlighting the portion of the clamping force [119].
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Table 3-1 Constant value based on Randel work 1999[38]
Surface
preparation

Surface
roughness
R (mm)

Coefficient
of cohesion
𝑐

High≫ 3.0
pressure
waterblasting
Sand ≫ 0.5
blasting
smooth
Also 𝛾𝑐 =1.5, 𝛾𝑠 =1.15 and 𝛾𝑐𝑜ℎ =2.

Coefficient of friction 𝜇

𝑘

𝛼

𝛽

0.4

𝑓𝑐𝑘
≫ 20 𝑀𝑝𝑎
0.8

𝑓𝑐𝑘
≫ 35 𝑀𝑝𝑎
1.0

0.5

0.9

0.4

0

0.7

0.7

0.5

1.1

0.3

0

0.5

0.5

0.0

1.5

0.2

In 2000 Zlich and Reincke [120] state that shear strength at the concrete-to-concrete
interface can be described by a combination of three different load caring mechanisms at
different times and slippage stages. First, cohesion, which contributes to adhesion [117]
and interlock [121] work, and after the failure of the adhesive as the sliding increase, the
interlocking decreases quickly related to the determination of aggregates. The second is
friction which is caused by an external force perpendicular to the surface and can be
increased by sliding and adding clamping effect caused by tension force in the
reinforcement [122], and the last is dowel action [123],[124],[101],[114] which will be
active after the failure of bond and sliding, Figure. 3-1.
Based on the Randel research [124], the contribution of this mechanism depends on the
degree of the surface roughness, the quality of the bond, and the amount of reinforcement
crossing the interface. After Zlich while the cohesion is considered by some researchers
and codes but the friction is the only component presented with all the researchers
[125],[126],[127],[128] and codes and in most cased the dowel action is usually neglected
[129],[130].
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(a)

(b)

(d)
(c)
Figure 3-1 Shear interface mechanism: a)shear friction model [92],b) Dowal action mechanism based on
Paulay, c) interface shear resistance mechanism[131][132],d)load transfer mechanism [120]
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In 2003 Gohrent [133], for the first time, proposed an equation for interface strength by considering
surface roughness directly in the equation. In 2005 Banta [53] investigated the bond strength
between lightweight concrete and UHPC. After Benta, more researches studied the bond between
UHPC and NSC [7],[134],[135] till in 2013 Santos and Júlio [122] proposed an equation for the
interface between UHPC and NSC with different surface preparation based on the surface
roughness. After Santos still ongoing research is carried with other studies [136],[137],[138], but
still there is not sufficient information or specific codes equation to estimate the bond strength
between UHPC and normal strength concrete(NSC) in the application of retrofitting and
rehabilitation.

3.2.2

Codes Design Expression

The codes suggested a conservative expression for estimating the bond strength between
NSC to NSC comper to the previous studies. Based on the high adhesive bond of UHPC
to the NSC and also based on high compressive strength of UHPC and less degradation of
aggregate in sliding, this expression even can be considered more conservative. Based on
the excellent bond of UHPC, the need for more research to upgrade the codes for estimating
the bond strength between NSC and UHPC is the interest of research.
ACI 318 [96](section 22.9.4) assume to have a crack across the interface of old and new
concrete which results in not considering the cohesion action in term of adhesion and
aggregate interlock. Also, by directly linking the clamping force to the equation, the portion
of dowel action is ignored too. In ACI coefficient of friction based on different surface
conditions in four categories for normal concrete and lightweight concrete is presented.
AASHTO LRFD [98] (Article 5.7.4.3) gives an equation for estimating the interface
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between two concrete casts in a different time or the interface between different elements
of the cross-section or dissimilar materials by assuming existing or potential of a crack in
interface plane.
In AASHTO code compared to ACI 318, the contribution of the cohesion action in terms
of aggregate interlock is considered. In AASHTO, the coefficient of cohesion and friction
for 6 different surface preparations is presented.
Eurocode 2 [95] (section 6.2.5) present an equation for estimating shear strength between
concrete surfaces casting at a different time. The code considers the term of cohesion link
to the design tensile strength of weakest concrete and also considers the term of friction for
external load perpendicular to the interface and clamping force while like previous codes
ignoring dowel action term. The coefficient of friction and cohesion factors are defined for
four different surface preparation.
Fib model code 2010 [94] (section 6.3) present the primary load transfer across the
interface and also offer an equation combined of cohesion term link to the adhesion and
interlock of the interface, friction term link to the clamping force and external load
perpendicular to the surface and also include the dowel action term link to the bending
deformation. fib 2010 has categorized the concrete surface in categories based on average
surface roughness.
Table 3-2 Different design code expression
ACI 318,[96]

𝑉𝑢 = 𝐴𝑣 𝑓𝑦 (𝜇 sin 𝛼 + cos 𝛼)

(3-3)

AASHTO LRFD,[98]

𝑉𝑢 = 𝐶𝐴𝑐𝑣 + 𝜇(𝐴𝑣 𝑓𝑦 + 𝑃𝑛 )

(3-4)

𝜏𝑅𝑑𝑖 = 𝑐𝑓𝑐𝑡𝑑 + 𝜇𝜎𝑛 + 𝜌𝑓𝑦 (𝜇 sin 𝛼 + cos 𝛼)

(3-5)

Eurocode 2,[95]
fib model code 2010,[94]

1/3

𝜏𝑅𝑑𝑖 = 𝑐𝑟 𝑓𝑐𝑘 + 𝜇𝜎𝑛 + 𝑘1 𝜌𝑓𝑦 (𝜇 sin 𝛼 + cos 𝛼) + 𝑘2 𝜌√𝑓𝑦 𝑓𝑐𝑐 (3-6)
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𝑉𝑢 is ultimate shear resistance at the interface, 𝐴𝑣 is the area of reinforcement passing the
interface, 𝑓𝑦 is yielding stress of transverse reinforcement, 𝜇 is a friction factor, 𝛼 is the
angle between reinforcement and interface plane, 𝐶 is cohesion factor, 𝐴𝑐𝑣 is the area of
concrete considered to be engaged to interface shear transfer, 𝑃𝑛 an external permeant
compressive load applied perpendicular to the interface plane, 𝜏𝑅𝑑𝑖 is ultimate shear stress
at the interface, c is a factor to presenting cohesion link to the interface roughness, 𝑓𝑐𝑡𝑑 is
design tensile strength, 𝜌 is the ratio of 𝐴𝑣 to 𝐴𝑐𝑣 , 𝑐𝑟 is a factor representing aggregate
interlock for rough surfaces, 𝑓𝑐𝑘 is the characteristic compressive strength of concrete, 𝑘1 is
the interaction coefficient for tensile force activated in the dowels, 𝑘2 is the interaction
coefficient for flexural resistance, 𝑓𝑐𝑐 is cylinder compressive strength under uniaxial
stresses.
3.3
3.3.1

Material and Methods
Material

3.3.1.1 Ultra-High Performance Concrete
The UHPC property used in this research is explain before in section 2.2.1. THE mixture
composition of the UHPC compared to the normal concrete is listed in Table 3-3.
3.3.1.2 Normal Concrete
The normal concrete (NC) used in this study was provided by a local supplier as a ready
mix with a nominal capacity of 35 MPa (5 ksi), during the sampling, compacting procedure
was carried out based on the (ASTM C31-69)[139], and the slump was measured as 102
mm (4 in )Mixture composition of UHPC and NC.
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Table 3-3 Mixture composition of UHPC and NC. [65],[37].

Composition

UHPC

UHPC
(Percentage by weight)

NC

NC
(Percentage by weight)

Portland Cement
(Kg/m3)

712

28.8

227

15.4

Coarse aggregate
(Kg/m3)

-

-

747

41.6

Fine aggregate
(Kg/m3)

1020

41.3

578

32.7

Silica Fume (Kg/m3)

231

9.4

-

-

Fly ash (Kg/m3)

-

-

57

3.2

Air-entraining agent
(ml)

-

-

11

-

211

8.5

-

-

30

1.2

-

-

Total Premix
(Kg/m3)

2204

88.0

1549

92.8

Superplasticizer
(Kg/m3)

30.7

1.2

-

-

Steel Fiber(Kg/m3)

156

6.3

-

-

Water (Kg/m3)

109

4.4

129

7.2

Ground Quartz
(Kg/m3)
Accelerator (ml)

3.3.1.3 Bonding Agent
The bonding agent was a commercial epoxy resin-based bond coat in two components. The
epoxy used is workable in wet and dry surfaces. The bonding agent is Sikadur 31, Hi-Mod
gel, the properties of the bonding agent are listed in Table 3-4.
Table 3-4 The property of Sikadure 31, Hi-Mod Gel.[65]
Tensile Strength (After 7 days)
Flexural Strength (modulus of Rupture)
Tangent Module of Elasticity
Shear Strength (After 7 days)
Bond Strength (ASTM D-790) concrete to concrete (at 14 days)
Compressive Strength (ASTM D-695) (After 14 days)
1 MPa= 145 psi
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22.7 MPa
42.0 MPa
11,520 MPa
31.7 MPa
20.0 MPa
110.3 MPa

3.3.2

Methods

3.3.2.1 Bi-Surface Shear Test
There are several test methods to address the bond strength between two materials [86],
[7]. These tests can be divided into two main categories. In the first category, bond strength
is evaluated under a combination of compression and shear stress, such as the slant shear
test. The presence of compressive force in this method leads to higher bond strength due
to the increase in friction, which will not necessarily replicate the situation of the bond
under pure shear stress. The second category of test methods evaluates the bond strength
under pure shear stresses [86]. The conventional tests for the latter category included direct
shear, push-out, Bi-surface shear, modified vertical shear bond, and Guillotine [140]. In
this research, to address the bond between the normal concrete substrate and UHPC as a
repair material, the bi-surface shear method was chosen, which is easy to construct while
it does not require any special equipment to perform.
The standard cubic specimens of 153 mm (6 in.) were constructed based on the ASTM
C39 [141]. The added UHPC portion and concrete substrates are one-third and two-thirds
of the volume, respectively.

46

Substrate
Concrete

Added
UHPC

Figure 3-2 Bi-surface shear test detail. (1 in. = 25.4 mm)[65].

The dimension of loading plates was 38 mm in thickness, 51 mm in width, and 153 mm in
length (1.5 in. x 2 in. x 6 in.) located in the middle of the test specimens, which creates two
shear planes. One shear plane associated with the interface and the other shear plane located
in the substrate concrete, as indicated in Figure 3-2. A universal testing machine (UTM)
with a maximum capacity of 2224 kN (500 kips) was used to apply the load to the test
specimens. In this method, the experimental bond shear strength is calculated using Eq. (37).

 

P
2*b*d

(3-7)

where, 𝜏: is the shear strength of interface, 𝑃: failure load for specimen, 𝑏: width of the
cube cross-section, 𝑑: depth of the cube cross-section.
3.3.2.2 Laser Scanning Method
A scanning method was utilized to identify the degree of surface roughness for the tested
specimens using a commercial FARO Focus 3D Laser Scanner. The purpose of this method
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is to correlate the degree of surface roughness to the average measured bond strength
obtained from bi-surface shear tests for both smooth and rough surfaces.
The identification of surface roughness was conducted using the following steps:


Laser scanning of the test specimen and preparing a 3D image of the surface, as
shown in Figure 3-3-a, and Figure 3-3-b;



Importing the 3D image of the surface into MATLAB using points in 3Dcoordinate, Figure 3-3-c, and Figure 3-3-d shows representations of the roughness
points in 2D and 3D domains, respectively;



Obtaining the optimized smooth plane through the peaks and valleys;



Calculating the degree of average surface roughness Ra

The degree of surface roughness can be calculated using Eq (3-8), which is adapted from
Santos et al. [88], who used a continuous domain by integrating the absolute peaks and
valleys along the length of the two sides of the surface. This research adopted the same
equation but in a discrete domain, as shown in Eq (3-8).
𝑅𝑎 =

∑|𝑦𝑖 |
𝑛

(3-8)

Where 𝑅𝑎 : is average surface roughness;
|𝑦𝑖 |: is absolute values of peaks and valleys measured from the optimized plane in
mm or (in.) based on the unit system, as shown in Figure 3-3-c;
𝑛: number of data points associated with the scanned surface.
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3D surface
𝑦1

Optimized plane

𝑦2 𝑦3

(c)
(a)

(b)

(d)
Figure 3-3 Laser scanning method. a) test specimen surface, b) corresponding scanned surface, c) definition
parameters of Ra, d) 3D peaks, and valleys of the scanned surface based on an optimized plane.

3.3.2.3 Digital Image Processing Method
A commercial camera with a quality of 12 megapixels was used to photograph the surface
images. Based on the images for the smooth and rough surfaces, it is clear that the exposed
aggregates have a lighter color comparing to the cement, this difference in color can be
used as a measuring index for the degree of surface roughness. As the surface is rougher,
the number or the area of exposed aggregates increased, which cause a wide spectrum of
color change between dark and white, as shown in Figure3-4.
After obtaining a high-quality image for the surface, the colorful image (Figure 3-4-a) was
transferred into a gray-scale image (Figure 3-4-b), which was imported into MATLAB
software. The image was then processed in MATLAB, and the frequency histogram of the
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gray-scale image was obtained for each surface with the associated mean and standard
deviation (SD). The higher standard deviation reflects the higher degree of surface
roughness.

(a)

(b)

(c)

Figure 3-4 Digital image processing method. (a) the colorful image imported to MATLAB, (b) gray-scale of
the original picture, (c) the frequency histogram of the gray-scale image.

3.3.2.4 Specimen Detail and Preparation
In this research, the effect of surface preparation, the use of mechanical connectors, and
bonding agent were considered. Five specimens were cast monolithically using normal
strength concrete and were used as references. Five specimens with no modification to the
cast surface (smooth) hereafter named (S), as shown in Figure 3-5-a. Five specimens with
exposed aggregate using sandblasting (rough) hereafter named (R), as shown in Figure 35-b. Five specimens with exposed aggregate using sandblasting in addition to the use of
one mechanical connector of reinforcing steel bar #10 (No. 3) hereafter named (RM), as
shown in Figure 3-6. The mechanical connector length was 51 mm (2 in.) shared equally
between the concrete substrate and harden UHPC. Five specimens with no modification to
the cast surface in addition to the use of bonding agent hereafter named (SB). The bonding
agent used for the smooth surfaces had an average thickness of 1 mm (0.04 inches). Five
specimens with exposed aggregate using sandblasting in addition to the use of bonding
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agent hereafter named (RB). The bonding agent for rough surfaces had an average
thickness of 4 mm (0.16 inches). For specimens with a bonding agent, both concrete and
UHPC were hardened when attached. Table 3-5 listed the notation and description of all
30 tested specimens.
Table 3-5 Specimen notation and description.

Casting fresh
UHPC on
Harden Normal
concrete
Attaching
Precast UHPC on
Harden Normal
Concrete

Specimen
notation
Reference
S1-S5
R1-R5
RM1-RM2

Description
The concrete cube cast monolithically
Substrate with smooth surface (as cast)
Substrate with rough surface (sandblasting)
Substrate with rough surface combine with mechanical
connectors
Substrate with smooth surface combined with bonding agent
Substrate with rough surface combined with bonding agent

SB1-SB5
RB1-RB5

0

51mm

(a)
(b)
Figure 3-5 Surface preparation. (a) without preparation, (b) rough using sandblasting (1/9 of the interface
area is shown), )[65].. 1 in.= 25.4 mm

(a)
(b)
Figure 3-6 Test specimens with mechanical connectors (a) as cast, (b) after sandblasting, )[65]..
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It should be noted that all tested specimen surfaces were cleaned using air compressor after
sandblasting and before casting the UHPC portion or before using the bonding agents.
The test specimens were stored in the lab under normal conditions without exposure to the
rain, sun, or wind and without special curing process, which introduces a conservative
retrofitting approach. The temperature and the moisture of the laboratory can be considered
uniform between the specimen during storage. The substrate concrete specimens were
stored for two months before casting the UHPC. Tests were conducted ten months after
casting the UHPC.
All bi-surface shear specimens were tested using a universal testing machine by applying
a load at a rate of 935 N/s (210 pounds/s). The cubic concrete specimens were tested on
the same day with the same load rate. Also, the standard compressive test was conducted
on cylinders of 153 mm (6 in.) diameter and 305 mm in height (12 in.) for normal strength
concrete and cylinders of 76 mm (3 in.) diameter and 153 mm in height (6 in.) for UHPC.
Average compressive strengths were 48 MPa (6.95 ksi) and 124 MPa (18 ksi) for normal
strength concrete and UHPC, respectively.
After conducting each bi-surface shear test, the failure mode was identified by observing
the test specimens. Failure modes were divided into three categories, as shown in Figure
3-7 as used by Santos et al. [87].


substrate failure: concrete crushing;



Adhesive failure: debonding at the interface; and



Mixed failure: simultaneously failure in debonding at the interface and in concrete
crushing.
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(a)
(c)
(b)
Figure 3-7 Failure modes. (a) Substrate failure, (b) Interface failure, (c) Mixed failure

3.4
3.4.1

Experimental Results
Bi-Surface Shear Test Results

As mentioned in the previous sections, 30 specimens (6 groups x 5 repetitions) were tested
under the bi-surface shear test. For each tested specimen, failure load was monitored, bond
strength was computed according to Eq. (3-7), and the mode of failure was identified, as
shown in Table 4. For each group (Reference, S, R, RM, SB, and RB), average bond
strength is calculated along with standard deviation and coefficient of variation, as shown
in Table 3-6.
It should be mentioned that the surface of the concrete was kept wet but not saturated to
eliminate water loss of fresh paste to the dry substrate and avoid hydration of UHPC
portion. When the stratum surface is saturated, the capillary holes are closed by fresh paste,
and the excess water increases the water-to-cement ratio of the paste at the interface, which
results in deteriorating the retrofitting material [142],[143]. The results related to the bond
strength and the mode of failure are listed in Table 3-6.

53

Table 3-6 Bi-surface shear test results[65].
Specimen
Reference 1
Reference 2
Reference 3
Reference 4
Reference 5
S1
S2
S3
S4
S5
R1
R2
R3
R4
R5
RM1
RM2
RM3
RM4
RM5
SB1
SB2
SB3
SB4
SB5
RB1
RB2
RB3
RB4
RB5
1 MPa= 145 psi

Failure stress
(MPa)
9.1
8.8
7.8
8.5
8.9
1.5
4.3
3.2
2.4
2.6
7.6
5.0
7.0
7.6
4.3
9.3
8.2
6.4
6.4
6.9
1.8
2.6
1.8
3.0
2.6
3.1
3.8
2.6
2.8
3.5

Failure mode
Substrate
Substrate
Substrate
Substrate
Substrate
Interface
Mixed
Mixed
Mixed
Mixed
Substrate
Interface
Mixed
Substrate
Mixed
Mixed
Mixed
Substrate
Substrate
Substrate
Interface
Interface
Interface
Interface
Mixed
Mixed
Substrate
Substrate
Interface
Mixed

Average
(Mpa)

Standard
deviation (Mpa)

Coefficient of
variation %

8.5

0.5

3%

2.9

1.1

39%

6.8

1.6

35%

7.6

1.3

21%

2.3

0.5

13%

3.1

0.5

9%

For the Reference group, the average failure stress was found to be 8.5 MPa (1233 psi)
with a standard deviation of 0.5 MPa (72.5 psi), as shown in Table 3-6. The mode of failure
for each specimen is shown in (a) part of Figure. 2-8 through Figure. 3-12.
For the group with a smooth surface (S), one specimen failed in interface failure mode as
shown in Figure. 3-8-b; however, four specimens failed in a mixed mode of failure
(substrate and interface), as shown in Figure 3-8-c. The average failure stress was found to
be 2.9 MPa (421 psi) with a standard deviation of 1.1 MPa (159.7 psi), as shown in Table
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3-6. The specimens with a smooth surface between concrete substrate and UHPC reached
34% of the average failure capacity of the reference group.

(c)
(b)
(c)
Figure 3-8 Failure of bi-surface shear specimens with a smooth surface. (a) Reference 1, (b) S1, (c) S3 similar
to S2, S4, S5[65].

For the group with a rough surface (R), two specimens failed in substrate failure mode, as
shown in Figure. 3-9-b, one specimen failed in interface failure mode, as shown in Figure.
3-9-c; however, two specimens failed in a mixed mode of failure (substrate and interface),
as shown in Figure 3-9-d. The average failure stress was found to be 6.8 MPa (986 psi)
with a standard deviation of 1.6 MPa (232 psi), as shown in Table 3-6. The specimens with
a rough surface, using sandblasting, between concrete substrate and UHPC, reached 80%
of the average failure capacity of the reference group.
For the group with a rough surface and mechanical connectors (RM), two specimens failed
in a mixed mode of failure (substrate and interface), as shown in Figure 3-10-b; however,
three specimens failed in substrate failure mode as shown in Figure 3-10-c. The average
failure stress was found to be 7.6 MPa (1102 psi) with a standard deviation of 1.3 MPa
(188.5 psi), as shown in Table 3-6. The specimens with a rough surface, using sandblasting,
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and a mechanical connector between concrete substrate and UHPC reached 89% of the
average failure capacity of the reference group.

(a)

(b)

(c)
(d)
Figure 3-9 Failure of bi- surface shear specimens with a rough surface. (a) Reference, (b) R1 similar to R4,
(c) R2, (d) R3 similar R5, [65].

(a)
(b)
(c)
Figure 3-10 Failure of bi- surface shear specimens with rough surface in addition to mechanical connectors.
(a) Reference 3, (b) RM1 similar to RM2, (c) RM3 similar to RM4, RM5, [65].
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For the group with a smooth surface and bonding agent (SB), three specimens failed in
interface failure mode, as shown in Figure 3-11-b. One specimen failed in substrate failure
mode, as shown in Figure 3-11-c; however, one specimen failed in a mixed mode of failure
(substrate and interface), as shown in Figure 3-10-d. The average failure stress was found
to be 2.3 MPa (333.6 psi) with a standard deviation of 0.5 MPa (72.5 psi) as shown in Table
3-6. The specimens with smooth surface and bonding agent between concrete substrate and
UHPC reached 27% of the average failure capacity of the reference group. It can be noticed
that the average bond strength dropped by 20% when adding a bonding agent to a smooth
surface.

(a)

(d)

(c)
(d)
Figure 3-11 Failure of bi- surface shear specimens with a smooth surface in addition to the bond agent and
mechanical connector. (a) Reference 4, (b) SB1 similar SB2, SB3, (c) SB4, (d) SB5, [65]
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For the group with a rough surface and bonding agent (RB), two specimens failed in a
mixed mode of failure (substrate and interface) as shown in Figure 3-12-b, another two
specimens failed in substrate failure mode as shown in Figure 2-12-c; however, one
specimen failed in interface failure mode as shown in Figure 3-12-d. The average failure
stress was found to be 3.1 MPa (449.6 psi) with a standard deviation of 0.5 MPa (72.5 psi)
as shown in Table 3-6. The specimens with a rough surface, using sandblasting, and
bonding agent between concrete substrate and UHPC reached 36% of the average failure
capacity of the reference group. It can be noticed that the average bond strength dropped
by 54% when adding a bonding agent to a rough surface.
Figure 3-13 summarizes the results of average bond strength for each group.it shows that
specimens with a rough surface and a rough surface with mechanical connector reviled the
best bond strength results; besides, the specimens with bonding agent yielded lower bond
strength if compared to the same specimens without a bonding agent.
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(a)

(b)

(c)
(d)
Figure 3-12 Failure of bi- surface shear specimens with a smooth surface in addition to the bond agent and
mechanical connector. (a) Reference 5, (b) RB1 similar to RB5, (c) RB2 similar to RB3. (d) RB4, [65].

Figure 3-13 Average bond strength for each group of testing, [65].
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3.4.2

Laser Scanning Test Results

The average roughness (Ra) values of the surface between concrete substrate and UHPC
for both smooth (S) and rough (R) are calculated based on Eq. (3-8) and listed in Table 37. Based on the average roughness calculated for rough and smooth surfaces, this method
could clearly distinguish the surface textures without any limitation to the size of sampling
or size of peak and valley in each sample and need of normalization compared to the
previous works [88].
Table 3-7 Ra calculated for each surface for smooth specimens (S) and rough surface with sandblasting (R),
[65]
S1
0.1722 mm
(0.00678 in.)
R1
2.1999 mm
(0.08661 in.)

S2
0.3533 mm
(0.01391in.)
R2
1.3998 mm
(0.05511 in.)

S3
0.2736 mm
(0.01077in.)
R3
1.6998 mm
(0.0669 in.)

S4
0.1981 mm
(0.0078 in.)
R4
2.0998 mm
(0.08267 in.)

S5
0.2057 mm
(0.0081in.)
R5
1.1989 mm
(0.0472 in.)

The test results graphically are shown in Figure 3-14, the correlation between the bond
strength of the interface and average roughness is recommended by Eq. (3-9). The
corresponding constant coefficients of the suggested equation are listed in Table 3-8.
𝜏 = 𝑘1 𝑅𝑎 𝑘2

(3-9)

Where 𝜏: bond strength between concrete substrate and UHPC;
𝑅𝑎 : average surface roughness between concrete substrate and UHPC; and
𝑘1 , 𝑘2 : coefficients to correlate bond strength to average surface roughness between
concrete substrate and UHPC.
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Table 3-8 Values for k1 and k2 coefficients, [65]
Specimen
Rough (R)
Smooth (S)

Unit System
(Mpa, mm)
(psi, in)
(Mpa, mm)
(psi, in)

𝑘1
3.6289
13137
16.88
168295

𝑘2
1.0092
0.9909
1.271
1.2968

R2
0.9328
0.9391
0.8887
0.8971

(a)

(b)
Figure 3-14 Correlation between surface roughness and bond strength (a) Rough surface, (b) smooth
surface, [65]

3.4.3

Discussion

Comparing bond strength results between concrete substrate and UHPC, when the interface
is a smooth or rough surface, indicated that sandblasting could increase bond strength by
135% without the use of bonding agent and 35% when using bonding agent if compared to
specimens with a smooth surface.
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The results of rough surface, without mechanical connectors and rough surface with
mechanical connectors, show that using the mechanical connectors would increase the
bond strength by 11%-12%. Since substrate failure is an indicator of good bond strength
between concrete substrate and UHPC, the number of specimens that failed in interface
failure to the total number in each tested group are shown in Figure. 3-15 indicating that
only one specimen failed in the interface for specimens with a smooth, rough, rough with
bonding agent surfaces; however, the use bonding agent with a smooth surface between
concrete substrate and UHPC caused three interface failures out of five tested specimens.
No specimen failed in an interface mode for the group with a rough surface with
mechanical connectors. By increasing the roughness of the interface between concrete
substrate and UHPC, interface failure could be avoided.

Interface failure

Figure 3-15 Number of interface failure of each series compared to the total number of test specimens, [65]

Considering the results shown in Table 3-6, It can be concluded that the combination of
the rough surface through sandblasting and mechanical connectors would lead to moving
shear failure to the concrete substrate and interface failure could be avoided remarking
successful repair method.
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Comparing the bond strength of concrete-to-UHPC and concrete-to-concrete repairs can
highlight the performance of UHPC as a repairing solution. To achieve that, the same test
specimen size and same procedure could be more reliable in comparing the results. Santos
et al. [87] investigated the effect of preparation of substrate for concrete-to-concrete repair.
The concrete-to-concrete repair had a maximum aggregate size of 9 mm and a nominal
compressive strength of 48 MPa (6.96 ksi), which is similar to what used in this paper.
Santos et al. [87] concluded that the bond strength for a dry with a smooth surface, dry with
a rough surface, and saturated with rough surface were 1.38, 3.67 and 1.85 MPa (200, 532,
268 psi), respectively which are almost half the values when replacing concrete by UHPC
as a repair material. Mentos et al. [144] studied the different percentage of silica fume and
the aggregate size of the concrete overlay. For substrate concrete with 35 MPa (5 ksi)
compressive strength and average roughness of 7 to 8 mm (four times the roughness
achieved in this research), the maximum bond strength was 3.81 MPa (552.6 psi). This
amount was found to be half the value when the concrete substrate is repaired using UHPC
for specimens with rough surfaces.
The laser scanning and digital image processing methods could clearly distinguish the
surfaces with sandblasting (rough) from surfaces without sandblasting (smooth). The laser
scanning methods can be a reliable method for measuring surface roughness for any size
test specimen without creating the conventional problem of samplings, such as the number
of samples or the size of samples. Also, this method has no sensitivity to the environment
condition and room lighting. Although the digital image processing method has a
sensitivity to the color contrast between the cement and the aggregate, easy implementation
of this method for measuring the surface roughness makes it a practical option.
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3.5

Summary and Conclusions

In this study, 30 cube specimens were constructed and tested using the bi-surface shear test
setup to evaluate the effect of surface preparation, including roughness degree, mechanical
connector, and bonding agent on the bond strength between the concrete substrate and
UHPC as a repair material. Laser scanning and digital image processing methods were used
to correlate the roughness degree (average roughness in case of scanning method and
standard deviation for digital image processing) to the bond strength between the concrete
substrate and UHPC repair.
Following conclusions can be drawn based on the conducted research:


The use of a bonding agent and mechanical connectors for rough surface between
concrete and UHPC has a significant influence on the bond strength of the interface.



The bonding agent reduced the bond strength between concrete and UHPC by a
factor of 0.5 for both smooth and rough surfaces due to the layer of separation
between the two surfaces, which reduces the cohesion between the two different
materials.



By increasing the surface roughness, it is possible to obtain a higher number of
desired substrate failures and failure load about 80-90% of concrete monolithic
specimens.



Concrete substrate repaired with UHPC is more robust by a factor of two if
compared with concrete substrate repaired with concrete from literature.
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Based on the results from the laser scanning method and average surface roughness,
this method can be a reliable tool to calculate the roughness of the surface with no
sensitivity to sample size and environmental conditions.



By comparing the digital image processing method with the laser scanning method,
it can be concluded that this method is much faster and need no particular device,
but it is sensitive to the condition of the taken pictures like room lighting, and it
does not give an exact number as roughness index.



Due to the sensitivity of digital image processing to the light, the consistency in the
condition of taking the pictures is necessary
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CHAPTER 4 EFFECT OF MECHANICAL CONNECTORS ON THE
INTERFACE SHEAR STRENGTH BETWEEN CONCRETE AND UHPC
Composite concrete consisted of two layers of concrete, which are cast at different times.
One of the applications of Composite concrete is retrofitting and strengthening the existing
concrete bridges with applying Ultra-High Performance Concrete (UHPC) overlay. The
composite action is achieved if the bond is just strong enough to resist the sliding between
the layers. There are several experimental studies related to the bond between the concrete
to concrete interfaces, but still, enough information related to the bond between regular
concrete and UHPC and also adequate numerical modeling to predict the behavior of these
composite structures is missing. In this chapter, a total 39 push-out test was performed to
investigate the behavior of the bond between UHPC and the regular concrete with different
surface preparations. Four different concrete surfaces are prepared, which include smooth,
rough with sandblasting, and rough and smooth combined with different mechanical
connectors ratio. The influence of different surface preparation is investigated, and the
Moher-Coulomb failure is used to predict the behavior of the interface, and the following
parameters for different surfaces are identified: Cohesion, clamping force, and total elastic
shear stiffness and results are compared with the AASHTO-LRFD codes.
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4.1

Introduction

The FHWA [1] reported The number of bridges with age over 50 years is increasing.
Economical, durable, and accelerated approaches are needed to tackle the deficiency in
bridge infrastructures, so stakeholders and bridge agencies have tools to restore and
upgrade the existing bridge instead of replacing them [2],[11].
One of the outstanding properties of Ultra-high performance concrete (UHPC) is the low
permeability of UHPC makes it a promising option to protect the existing and new
reinforcement of the bridge elements against mechanical stresses and chloride diffusion
[145]. Based on the high strength of UHPC and self-consolidating and followability, the
UHPC can be cast as an overly or a thin layer of shell around the damaged elements [84]
can increase the structural performance of the bridge elements. To achieve the increase of
structural performance of the composite section having an adequate shear strength to resist
the sliding between the NC and the UHPC is a must [140]. Therefore In this chapter, the
interface and compatibility between UHPC and NSC with a smooth and rough surface,
including different mechanical connectors ratios under a push-out test, are investigated.
4.2
4.2.1

Material and Methods
Material

The UHPC and normal concrete property used in this experimental test are the same as
Material used in section 2.2.1.
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4.2.1.1 Push-off Test
In general, the tests for investigating interface shear strength can be divided into two main
categories. In the first category, compression and shear stresses are applied simultaneously
to the interface, the existence of compressive stress would result in higher interface bond
strength; thus, not presenting the shear bond strength under pure shear condition. [86], [7].
The second category of test methods evaluates the bond strength under pure shear stresses
[86]. The conventional tests for the latter category included direct shear, push-out, Bisurface shear, modified vertical shear bond, and Guillotine [140]. In this research, to
address the shear interface strength between NSC substrate and UHPC, the push-off shear
method was found to be the most accurate method. Since the two interface shear planes
transmit the forces to substrates and eliminating the substrate failure mode compared to the
bi-surface shear test due to the utilization of only one interface shear plane [65]. The pushoff test setup provided an opportunity to examine different reinforcement ratios for
mechanical connectors across the interface by increasing the area of the interface, as
described hereinafter.
A modified push-off test to evaluate the interface shear strength for the application of repair
and rehabilitation was introduced. Two concrete segments were cast with a cross-section
of 153 mm x 153 mm (6 in. x 6 in.) and height of 305 mm (12 in). The added UHPC
segment between the other two concrete segments was cast with a cross-section of 153 mm
x 153 mm (6 in. x 6 in.) and height of 356 mm (14 in.) to allow for 305 mm (12 in.) interface
area and 51 mm (2 in.) loading portion, as shown in Figure 4-1-a. The reason for casting
the UHPC segment higher than the adjacent concrete segments was to allow for a better
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distribution of shear stresses along with the interface from the loading plate and to restrict
the outer concrete segments from bending, therefore, eliminating any compressive stresses
to be induced to the interface based on preliminary numerical modelling.

357 mm

(b)
(a)
Figure 4-1 Modified push-off shear test:(a) test specimen dimension, (b) test set up. (1 in. = 25.4 mm)

The dimension of loading plates was 38 mm in thickness, 153 mm in width, and 153 mm
in length (1.5 in. x 6 in. x 6 in.) located in the middle of the test specimens, which creates
two shear planes; Figure. 4-1-a. To loading cells with a maximum capacity of 11112 kN
(150 kips) each was used to apply the load to the test specimens. The load was measured
with load cell, and pressure transducer also the interface sliding two LVDT were used as
Figure 4-1-b in this method, the experimental bond shear strength is calculated using Eq.
(4-1).
𝑝

𝜏 = 2×𝑏×𝑑

(4-1)

where, 𝜏: is the shear strength of interface, 𝑃: failure load for specimen, 𝑏: width of
the cube cross-section, 𝑑: depth of the cube cross-section.

69

4.2.1.2 Surface Roughness Measurement
The process of this method is explained in section 3.4.2 before.
4.2.1.3 Specimen Detail and Preparation
In this research, the effect of surface preparation and the use of mechanical connectors
were considered. Three specimens were cast monolithically using normal strength concrete
and were used as references (Ref). 6 groups of specimens with no modification to the cast
surface (Smooth: S) and 6 groups of specimens with exposed aggregate using sandblasting
(Rough: R) including the different number of reinforcement (0,1,4,6,8) including three
specimens for each grope hereafter named (S01, S02, S03, S11, S12, S13,. . R01, R02,
R03, R13., R12, R13,…) were cast as shown in Figure. 3-4. In notation, the first number
indicates the number of reinforcement, and the second number shows the specimen number
in each group. Also, including the different numbers of reinforcement (0,1,4,6,8) hereafter
named,) including three specimens for each grope, were cast as shown in Figure 4-2.
All the connectors reinforcing steel bar were #10 (No. 3) with a total length of 102 mm (4
in.=10 db), as shown in Figure 4-2 The mechanical connector length was 51 mm (2 in.=5
db) shared equally between the concrete substrate and harden UHPC. This embedded
length is recommended by Randel [117] to reach the full bearing capacity, which for UHPC
based on higher compressive strength, this length can be decreased. Also, it should be
mentioned that to simulate the rehabilitation process, and all the mechanical connectors
were attached to the specimens by applying epoxy after casting the NSC specimens. Table
4-1 listed the notation and description of all 39 tested specimens. Figure 4-2 shows the
construction process and the test specimens matrix.
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It should be noted that all tested specimen surfaces were cleaned using air compressor after
sandblasting and before casting the UHPC portion or before using the bonding agents.
The test specimens were stored in the lab under normal conditions without exposure to the
rain, sun, or wind and without special curing process, which introduces a conservative
retrofitting approach. The temperature and the moisture of the laboratory can be considered
uniform between the specimens during storage. The substrate concrete specimens were
stored for two months before casting the UHPC. Tests were conducted ten months after
casting the UHPC.

Casting Fresh UHPC on the
harden Normal Concrete

Table 4-1 Specimen notation and description
Specimen
notation
Ref 1-Ref 3
S01-S03
S11-S13
S21-S23
S41-S43
S61-S63
S81-R83
R01-R03
R11-R13
R21-R23
R41-R43
R61-R63
R81-R83

description
The concrete cube cast monolithically
Substrate with smooth surface (as cast) without mechanical connectors (𝜌=0.00)
Substrate with smooth surface (as cast) with 1 mechanical connectors (𝜌=0.0015)
Substrate with smooth surface (as cast) with 2 mechanical connectors (ρ=0.003)
Substrate with smooth surface (as cast) with 4 mechanical connectors (ρ=0.006)
Substrate with smooth surface (as cast) with 6 mechanical connectors (ρ=0.009)
Substrate with smooth surface (as cast) with 8 mechanical connectors (ρ=0.012)
Substrate with rough surface without mechanical connectors (𝜌=0.00)
Substrate with rough surface with 1 mechanical connectors (𝜌=0.0015)
Substrate with rough surface with 2 mechanical connectors (𝜌=0.003)
Substrate with rough surface with 4 mechanical connectors (𝜌=0.006)
Substrate with rough surface with 6 mechanical connectors (𝜌=0.009)
Substrate with rough surface with 8 mechanical connectors (𝜌=0.012)
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0

305 mm

153 mm
(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(k)
51mm

(l)
51mm

51mm

102mm

305 mm

51mm

51mm

S01-S03, R01-R03

S11-S13, R11-R13

S21-S23, R21-R23

S41-S43, R41-R43

51mm

51mm

51 mm 51 mm
51 mm
76 mm

51mm

51 mm 127mm

76 mm

51 mm 102mm

(j)
153 mm

S61-S63, R61-R63

S81-S83, R81-R83

Figure 4-2 Test specimens: (a) smooth surface as cast, (b) sandblasting, (c) rough surface, (d) drilling holes,
(e) cleaning surface from debris, (f) attaching mechanical connectors with epoxy (g) NC specimens before
casting UHPC, (h, i) Specimen formworks, (j) Moisturizing the interface, (k) UHPC Casting, and (i) The
complete test specimens. (1 in.= 25.4 mm)

72

All bi-surface shear specimens were tested using a universal testing machine by applying
a load at a rate of 935 N/s (210 pounds/s). The cubic concrete specimens were tested on
the same day with the same load rate. Also, the standard compressive test was conducted
on cylinders of 153 mm (6 in.) diameter and 305 mm in height (12 in.) for normal strength
concrete and cylinders of 76 mm (3 in.) diameter and 153 mm in height (6 in.) for UHPC.
Average compressive strengths were 48 MPa (6.95 ksi) and 124 MPa (18 ksi) for normal
strength concrete and UHPC, respectively.
After conducting each bi-surface shear test, the failure mode was identified by observing
the test specimens. Failure modes were divided into three categories, as shown in Figure.
4-3, as used by Santos et al. [87].


Substrate failure: concrete crushing;



Interface failure: debonding at the interface; and



Mixed failure: simultaneously failure in debonding at the interface and in concrete
crushing.

(a)
(b)
(c)
Figure 4-3 Failure modes. (a) substrate failure, (b) interface failure, (c) Mixed failure
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4.3

Experimental and Numerical Results

4.3.1

Push-out Shear Test Results

As mentioned in the previous sections, 39 specimens (13 groups’ x 3repetitions) were
tested under the push-out shear test.
Table 4-2 Push-out shear test results.
Specimen
Reference 1
Reference 2
Reference 3
S01
S02
S03
S11
S12
S13
S21
S22
S23
S41
S42
S43
S61
S62
S63
S81
S82
S83
R01
R02
R03
R11
R12
R13
R21
R22
R23
R41
R42
R43
R61
R62
R63
R81
R82
R83

Failure stress
(MPa)
8.56
6.62
5.43
1.54
0.92
1.31
1.39
2.21
1.72
1.6
2.25
1.68
3.24
2.80
3.03
4.52
3.50
3.43
4.50
4.18
4.72
2.54
2.38
3.66
4.10
4.13
4.52
5.49
3.99
3.73
6.03
5.65
5.55
8.35
9.17
6.65
7.63
9.07
7.44

Failure mode
Substrate
Substrate
Substrate
Interface
Interface
Interface
Interface
Interface
Interface
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Interface
Interface
Interface
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed

Average
(MPa)

Standard
deviation (MPa)

Coefficient of
variation %

6.87

1.58

23

1.26

0.31

25

1.77

0.41

23

1.84

0.35

19

3.02

0.22

7

3.82

0.61

16

4.47

0.27

6

2.86

0.70

24

4.25

0.23

6

4.40

0.95

22

5.74

0.25

4

1.29

16

0.89

11

8.06
8.05
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For each tested specimen, failure load was monitored, bond strength was computed
according to Eq. (4-1), and mode of failure was identified as shown in Table 4-2. For each
group, average bond strength is calculated along with standard deviation and coefficient of
variation, as shown in Table 4-2.
It should be mentioned that the surface of the concrete was kept wet but not saturated to
eliminate water loss of fresh paste to the dry substrate and avoid hydration of UHPC
portion.
When the stratum surface is saturated, the capillary holes are closed by fresh paste, and the
excess water increases the water-to-cement ratio of the paste at the interface, which results
in deteriorating the retrofitting material [142],[143]. The results related to the bond strength
and the mode of failure are listed in Table 4-2.
The comparison between average interface shear strength for the smooth and rough surface
with the different numbers of mechanical connectors illustrated in Figure 4-4.

Figure 4-4 Average bond strength for each group of testing (1 MPa= 145 psi).
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The result from sliding the specimens Figure 4-5 shows that the test specimens without any
mechanical connectors failed in a brittle mode. For Rough and smooth specimen, the failure
happened in the peak load with sliding 0.01mm and 0.3 with Elastic stiffness of 286 N/mm3
and 126 N/mm3 respectively.

500

500
S0

S1

S2

S4

S6

S8
400

Load (kN)

Load (kN)

400

300
200

100

S0

S1

S2

S4

S6

S8

300
200

100

0

0

0

1

2

3

4

Slip (mm)

5

0

0.1

0.2 0.3
Slip (mm)

0.4

0.5

Figure 4-5 Load-slip diagram for smooth specimens with different numbers of mechanical connectors.

S0 and R0 both failed with Interface failure while the smooth specimen because of
adhesion force could debond some portion of NC cement(Figure.4-7-a), for the rough
surface because of strong adhesion and interlock forces braking concrete aggregated next
to the interface were observed. By adding mechanical connectors with the ratio of
r=0.0015, the sliding related to the peak load of rough and smooth surface shifts to 0.15
mm and 0.8 mm This ratio can be used as the minimum required mechanical connectors to
eliminate brittle failure.
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1000
R0

R1

R2

R4

R6

1000

R8

R0

R1

R2

R4

R6

R8

800
Load (kN)

Load (kN)

800
600
400
200

600
400
200

0

0
0

1

2
3
Slip (mm)

4

5

0

0.01 0.02 0.03 0.04 0.05
Slip (mm)

Figure 4-6 Load-slip diagram for Rough specimens with a different number of mechanical connectors.

For both smooth and rough specimen with ρ=0.0015 after reaching to the peak load the
load has dropped, and again it started to increase (smooth, load=25 kN, Slip=3.1
mm),(rough, load=330 kN, Slip=2.7 mm). This increase can be just considered as a portion
of clamping force, while for the peak, both cohesion and friction forces were
contributing.[166].For S1 the failure happened just in the interface (Figure-4-7-b). It can
be considered as a weak interface to transfer the failure to the substrate. While for the rough
interface, adding just mechanical connectors could transfer the failure to the substrates
(Figure 4-7-b). For the smooth specimen with a mechanical ratio of more than ρ =0.003,
the failure could move from the interface to the substrate too.
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(a)

(b)

(c)

(d)

(e)

(f)
Figure 4-7 Smooth Specimen failure. (a) S0 specimens, (b) S1 specimens, (c) S2 specimens, (d) S4
specimens, (e) S6 specimens, (f) S8 specimens.
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(a)

(b)

(c)

(d)

(e)

(f)
Figure 4-8 Rough Specimen failure. (a) R0, (b) R1, (c) R2, (d) R4, (e) R6, (f) R8.
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For the specimen with r=0.003 and ρ=0.006, the shear crack angle was observed ∅=60~70
while for r =0.009, and r=0.0012 crack angle was observed ∅=30~40. (Figure.4-8).For
the rough surfaces with mechanical connectors (r≫0.003) after reaching the peak load, the
failure was observed by the shear failure of substrates. The shear crack angle was observed
∅=30~40. After the failures, the concrete between the reinforcement area was observed
without also debonding the reinforcement located to the top of the substrate was bending
more compared to others; this two-point highlighted roll of mechanical connectors pattern
next to the reinforcement ratio. (Figure.4-8). R6 and R8 both showed the same shear bond
strength, but R8 in the peak load showed the combination of cohesion and clamping force
and after that, the substrates failed in shear while for the specimen R6 after the first peak
the main mechanism can be considered as clamping force after the second peak the
substrates failed in shear too. Also, it should be mentioned that by increasing the number
of mechanical connectors for each specimen, the initial elastic stiffness increased too
(Figure 4-5, Figure 3-6). For the reference specimens first, a crack was observed in the
middle of concrete, which shows the diagonal compression force from the loading plate to
the support creak, a tension field based on truss theory. By increasing the load, the crack
moved up, and diagonal crack in concrete was observed. All the specimens, as expected,
failed in brittle mode. (Figure.3-9)

Figure 4-9 References specimen failure (a).Ref1, (b) Ref 2, (c) Ref 3
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4.3.2

Terrestrial Laser Scanning Test Results

The average roughness (Ra) values of the surface between concrete substrate and UHPC
for rough (R01-R03) and smooth (S01-S03) are calculated based on Eq. (2-8) And listed
in Table 3-3. Based on the average roughness calculated for rough and smooth surfaces,
this method could clearly distinguish the surface textures without any limitation to the size
of sampling or size of peak and valley in each sample and need of normalization compared
to the previous works [88].

Table 4-3 Ra calculated for (R01-R03) and (S01-S03)
Specimen
R01
R02
R03
S01
S02
S03

Substrate
1
2
1
2
1
2
1
2
1
2
1
2

𝑅𝑎 (mm)
0.9413
0.7536
0.9384
0.8143
1.0960
1.0780
0.1673
0.1703
0.1503
0.1103
0.1633
0.1428

Eq.3

Error (%)

2.73

15

2.95

16

3.91

7

1.74

13

1.02

11

1.42

8

Valikhani.et al [65] suggested an equation based on the bi-surface experimental test for
correlating surface roughness and bond strength in terms of cohesion (Eq 2-9, table 2-8),
the result of the push-off test and suggested equation are compared in table 34-3. It should
be highlighted that all 6 specimens failed in interface with the smoother substrate;
therefore, the roughness number of the smoother substrate is used for this comparison.
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4.3.3

Discussion

The bond strength between concrete and UHPC can be considered as two simple
mechanisms, cohesion, and friction. The cohesion is a combination of aggregate interlock
and adhesion, while the friction (dowel action) is the mechanism to transfer direct rebar
tensile force to the shear plan with considering the surface coefficient of friction. Both
these two mechanisms are a function of surface roughness as roughness directly affects the
aggregate interlock, the adhesion force between the surfaces, and surface coefficient of
friction. By considering these two main mechanisms and illustrating the test result based
on the mechanical connectors ratio graphically as Figure 4-10, the bond strength can be
regarded as a simple line like equation 4-2.

(b)
(a)
Figure 4-10 Correlation between average bond strength and steel ratio (a) smooth specimens. (b) rough
specimens

Propose equation:
𝜏 =C+µ ρfy

(4-2)
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The corresponding cohesion and friction constant are suggested as table 4-4 for the surfaces
with roughness ranging between the minimum and maximum surface roughness used in
this research.
Table 4-4 Values for C and m coefficients based on the push-off test and bi-surface test[65].
Specimen
R2
𝑅𝑎
m
C
0.7~1.1(mm)
3(Mpa)
0.03~0.04(in)
435(psi)
0.9668
Rough (R)
1.3
1.2~2.2(mm)
6.3(MPa)
0.05~0.08(in)
914(psi)
0.14~0.17(mm)
1.25(Mpa)
0.0055~0.0067(in)
181(psi)
0.9883
Smooth (S)
0.65
0.17~0.28(mm)
2.8(Mpa)
0.0067~0.110(in)
406(psi)
For the rough with 𝑅𝑎 1.2~2.2(mm) and Smooth with 𝑅𝑎 .17~0.28(mm), the
amount from the pull of test is used for the coefficient of friction conservatively.

The proposed equation is compared with the experimental results of the push-off test and
ASSHTO code as table 4-5. It should be highlighted the constant-coefficient proposed by
AASHTO is to evaluate the bond strength between concrete to the concrete surface with
the minimum surface roughness of 6.35 mm (0.25 in) for initially roughen surfaces while
for this research the maximum surface roughness reached was almost 6 times less than this
minimum requirement. As it was shown in section 3.3.1, by increasing surface roughness,
the bond strength between concrete and UHPC can improve significantly. The results show
although the surface roughness was much less than AASHTO requirement; still, the bond
strength between NSC and UHPC for the rough surface without mechanical connectors
(just term of cohesion) was 81% more while in case of having connectors this number
change between 68% to 19% for the ratio (𝜌) between 0.001 to 0.009 respectively.
In ASSHTO, there is no Surface roughness specification for smooth surfaces, while the
results of these tests and previous tests with the author [65] show the importance of surface
roughness degree even for smooth surfaces. The results from this experiment show the
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bond strength for smooth surfaces without mechanical connectors (Cohesion term) could
reach 140% more, while for the case of having mechanical connectors, this number can
range between 87% to 29% for ratio (𝜌) between 0.001 to 0.012 respectively. From the test
result, the minimum mechanical ratio to eliminate the brittle failure for both rough and
smooth surface can be suggested as 0.001 while the maximum mechanical ratio based the
maximum bond strength reached for the rough and smooth surface can be indicated as
0.009 and 0.0012 respectively. The reason for this significant difference between the
interface bond between UHPC and NSC compared to the interface bond between NSC to
NSC can be the excellent adhesion bond of UHPC. Also, less degradation of UHPC surface
after sliding compared to NSC can increase the interlock and coefficient of friction.
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Table 4-5 Comparison between experimental tests, AASHTO code, and proposed Eq.4-2.
𝑅𝑎

Push off
test

ASSHTO

0.7~
1.1
(mm)
0.03~
0.04
(in)
min
6.35
(mm)
min
0.25
(in)

C

_

µ

_

1.65
(Mpa)
1
240
(psi)

Upper
𝜌=
𝜌=
limite
0.0
0.0015
Rough (Sand Blast)
8.06
2.86
4.25
(Mpa) (Mpa) (Mpa)

Eq.4-8

3
(Mpa)
1.3
435
(psi)

Push off
test

ASSHTO

-

Error
(%)

Eq.4-8

Error
(%)

0.14~
0.17
(mm)
0.0055
~
0.0067
(in)

_

0.52
(Mpa)
75
(psi)
0.52

_

0.6

1.25
(Mpa)
435
(psi)

0.65

𝜌=
0.009

𝜌=
0.012

4.4
(Mpa)

5.74
(Mpa)

8.06
(Mpa)

8.05
(Mpa)

415
(psi)

616
(psi)

638
(psi)

832
(psi)

1169
(psi)

1167
(psi)

8.6
(Mpa)

1.66
(Mpa)

2.28
(Mpa)

2.90
(Mpa)

4.14
(Mpa)

5.38
(Mpa)

6.62
(Mpa)

1250
(psi)

240
(psi)

330
(psi)

420
(psi)

600
(psi)

780
(psi)

960
(psi)

73(%)

87(%)

52(%)

39(%)

50(%)

22(%)

7.91
(Mpa)

3
(Mpa)

3.82
(Mpa)

4.62
(Mpa)

6.28
(Mpa)

7.91
(Mpa)

7.91
(Mpa)

1148
(psi)

435
(psi)

554
(psi)

673
(psi)

910
(psi)

1148
(psi)

1148
(psi)

5(%)

10(%)

5(%)

9(%)

2(%)

2(%)

Smooth (As Cast)
4.47
1.26
1.77
(Mpa) (Mpa) (Mpa)

1.84
(Mpa)

3.02
(Mpa)

3.82
(Mpa)

4.47
(Mpa)

Error
(%)
0.14~
0.17
(mm)
0.0055
~
0.0067
(in)
-

𝜌=
0.006

1169
(psi)

Error
(%)
0.7~
1.1
(mm)
0.03~
0.04
(in)

𝜌=
0.003

648
(psi)

183
(psi)

257
(psi)

268
(psi)

438
(psi)

553
(psi)

648
(psi)

5.52
(Mpa)
800
(psi)

0.89
(Mpa)
129
(psi)
99(%)

1.26
(Mpa)
183
(psi)
46%

2.01
(Mpa)
291
(psi)
51%

2.75
(Mpa)
399
(psi)
39%

3.50
(Mpa)
507
(psi)
28%

4.53
(Mpa)

0.52
(Mpa)
75
(psi)
144(
%)
1.25
(Mpa)

1.66
(Mpa)

2.07
(Mpa)

2.89
(Mpa)

3.71
(Mpa)

4.53
(Mpa)

1335
(psi)

435
(psi)

548
(psi)

660
(psi)

885
(psi)

1110
(psi)

1335
(psi)

1%

6%

12%

4%

3%
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1%

4.4

Summary and Conclusions

In this study, to evaluate the effect of mechanical connectors on the bond strength between
NSC and UHPC with different surface preparation as smooth and rough, 39 specimens
were cast and tested using push-off tests. In these series of tests, a 3D laser scanner to
evaluated surface degree roughness was used. From conducted research for the rough NSC
surface with roughness degree ranging 0.7 ~1.1 mm (0.03 ~0.04 in) and smooth NSC
surface with roughness ranging 0.14~0.17 (0.0055~0.0067 in) the following conclusion
can be conducted:


The term of cohesion for the bond strength between UHPC and NSC for a rough
and smooth surface is defined as 3 and 1.25 MPa. These numbers are 1.8 and 2.4
times more compared to the cohesion term defined between NSC to NSC proposed
by AASHTO code.



The coefficient of friction for rough and smooth surface are proposed as 1.3 and
0.65. These numbers are 1.3 and 1.1 times more compared to the coefficient of
friction defined between NSC to NSC proposed with AASHTO code.



The proposed equation to correlate the surface roughness to the bond strength could
predict the bond strength with acceptable accuracy.



By increasing the surface roughness, the cohesion term for the rough and smooth
surface can increase almost to 2.3 times more for both cases.



Employing the zero-thickness interface bond model can provide the researches with
a practical tool to evaluate the bond strength between the concrete layers.
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CHAPTER 5 ESTIMATING CONCRETE SURFACE ROUGHNESS USING
MACHINE LEARNING AND IMAGE PROCESSING
Casting concrete at different ages for new construction and repairing or retrofitting
concrete structures requires a sufficient bond between concrete casts. The bond strength
between different casts is attributed to surface roughness. Surface roughness can be
achieved in many ways, such as water-jetting or sandblasting. To evaluate the degree of
surface roughness, qualitative and quantitative methods are introduced by many
researchers; however, some drawbacks are associated with most of these methods,
including cost, availability, human errors, and inability to assess old structures from prior
inspection. Two novel methods are introduced in this paper to estimate, quantitatively, the
concrete surface roughness from images with sufficient resolution. In the first method, a
digital image processing method is proposed to distinguish the coarse aggregate from
cement paste, and a new index is presented as a function of aggregate proportional area to
the surface area. In the second method, data augmentation and transfer learning techniques
in machine learning are utilized to classify new images based on predefined images during
the learning process. Both methods were related to a well-established method of 3D laser
scanning from sandblasted concrete surfaces. Finally, a brand new set of images of
sandblasted surfaces were used to test and validate both methods. The results show that
both methods successfully estimate the concrete surface roughness with an accuracy of
more than 93%.
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5.1

Introduction

Exposing concrete structures to severe environmental conditions causes damage and
reduction in the service life of structural members such as bridge columns, bridge decks,
bridge superstructures, and buildings [66]. Repairing and retrofitting those structural
elements by applying repair materials such as normal strength concrete, polymer concrete,
and ultra-high performance concrete to concrete substrates [2]can be an economical option
compared to the replacement of the entire structure. The bond strength between old
concrete substrates and new repair materials plays a vital role in the selection of appropriate
repair materials. To enhance bond strength characteristics between concrete substrate and
repair material, roughening substrate surfaces with different techniques such as
sandblasting and water-jetting [146] is preferable compared to grinding or wire-brushing
or chipping techniques[147]. Additional advantages of both sandblasting and water-jetting
are attributed to the removal of large areas of the damaged substrate in a short time,
preparing a sufficient roughness for the surface, avoiding micro-cracks, and introducing
the highest bond strength. A drawback of these techniques is related to the variation of
surface finish based on tools, technician experience, age of materials, and time of operation
[122]. After the removal of the damaged concrete, the substrate roughness is usually
assessed based on qualitative methods and observation, which can’t be a robust tool to
evaluate surface preparation due to human errors.
The International Concrete Repair Institute [148] proposed ten different concrete surface
profiles which provide visual standards for fast and easy inspection and evaluation.
Nevertheless, the results of this method are simply qualitative and subjected to technician
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judgment and can be altered from technician to another due to human errors. In
specifications, to address the interfacial bond strength, the substrate surface usually is
categorized based on surface finishing treatments, and coefficients of cohesion and friction
are calculated based on limited categories without direct correlation between surface
roughness and surface parameters [96]. Categorizes concrete surface roughness into four
groups as concrete placed against clean concrete, surface with intentional roughness of
amplitude of 6 mm (0.25 in.), concrete cast monolithically, and concrete placed next to
structural steel section, whereas, in [98] additional two categories for lightweight concrete
and cast-in-place concrete slab on clean concrete girder surfaces are discussed. In the fib
model 2010 [149], four categories are defined from very smooth to very rough based on
surface roughness. Although this categorization brings ease of the use by designers,
however, it does not effectively correlate the degree of surface roughness to surface
parameters and bond strength. Therefore, quantitative methods to measure the concrete
surface roughness are required to minimize human intervention.
Many quantitative methods were developed in the literature. These methods include sand
patch method [118], [150], outflow meter [151], [152], mechanical Stylus [153], circular
texture meter [154] digital surface roughness meter [155]; microscopy [153] silt-island
method [156], roughness gradient method [157]; photogrammetric method [158], shadow
profilometry [159], PDI method [160], 2D-LRA method [161], and 3D laser scanning
method [162].
This chapter introduces two novel non-contact methods to evaluate surface roughness of
concrete substrate using digital image processing and machine learning via basic cameras.
Both methods were related to a well-established method using 3D laser scanning. In the
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first method, digital image processing is utilized to separate the aggregates from cement
paste, then a ratio of the aggregate area-to-total area is calculated and correlated to surface
roughness degree from 3D laser scanning. In the second method, machine learning is
developed. In particular, deep neural networks, also known as deep learning, has been
utilized to extract deep and meaningful features directly from raw images without any
manual feature extraction and human efforts. The benefits of this method include: 1)
minimizing human intervention and 2) minimizing conventional error such as
environmental condition, camera angle, and camera configuration. The use of these two
methods can offer other options to the 3D laser scanner, which is relatively high in cost
compared to basic cameras or smartphones. Then, bond strength can be calculated based
on the degree of surface roughness.
5.2

Methods

In this chapter, two novel methods for estimating concrete surface roughness are introduced
and related to an established method. In the established method, the validation method, 3D
laser scanning, is utilized to measure the concrete surface roughness for nine cubic
specimens with a surface area of 153mm×153mm (6in.×6in.) which were roughened using
sandblasting. In the first method, digital image processing is utilized to find the correlation
between aggregate area and surface roughness. In the second method, an advanced machine
learning technique is introduced to classify and calculate the surface roughness. Finally, to
evaluate the efficiency of both methods, the surface roughness of a large scale T-beam
specimen is assessed, and the results are compared to the 3D laser scanning method
independently.
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5.2.1

3D Laser Scanning Technique

This technique is explained before as section 3.4.2.
5.2.2

Digital Image Processing

Several images were taken for each of the nine samples using a commercial camera of a
smartphone with a quality of 12 megapixels. Based on these images, it was obvious that
the coarse aggregates were lighter in color if compared to cement paste, this variation in
color can be used as an index to measure concrete surface roughness. In much rougher
surfaces, the number of exposed coarse aggregates increases. The digital image processing
method is sensitive to environmental conditions such as lighting, dust, and darkness.
Therefore, consistency in the condition of obtaining the images is extremely important. To
reduce the effect of this issue, all the used images were taken in a dark room with flash
applied.
After obtaining high-quality images for concrete surfaces, the resolution was enhanced to
600×600 pixels from an original resolution of 300×300 pixels for the small surfaces with
an area size of 153 mm ×153 mm (6in.×6in.), as shown in Figure 5-1a. Then, the images
were analyzed in MATLAB software in five steps. In the first step, a contrast enhancement
filter was applied to the images to better distinguishing boundary intensity between
aggregate and cement, as shown in Figure 5-1b [163]. In the second step, to increase the
accuracy of the analysis, each image was divided into 16 equal size portions (Figure 5-1c).
In the third step, the true-color (RGB) image was transferred into a gray-scale image
(Figure 5-2d) with pixel values (K(n)) ranging from 0 to 255. In this step, the threshold
values (T) for the aggregate were calculated with a similar approach, which was used for
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asphalt concrete mixtures [164]. In the fourth step, the gray-scale image is transferred to
the black and white image (Figure 5-1e) with pixel intensity of 0 for cement paste (black)
and 1 for the aggregates (white) using Eq. 5-1. Figure 5-1f shows the separation of
aggregates in RGB.
𝑝𝑖𝑥𝑒𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = {

1 𝑖𝑓 𝑘(𝑛) ≥ 𝑇
0 𝑖𝑓 𝑘 (𝑛) ≤ 𝑇

𝑖𝑓 𝑤ℎ𝑖𝑡𝑒
𝑖𝑓 𝑏𝑙𝑎𝑐𝑘

(5-1)

In the final step, the number of white pixels, representing the aggregate, and the number of
white and black pixels, representing both aggregates and cement, were calculated for each
image segment with a resolution of 150×150 pixels (Eq. 5-2 and Eq. 5-3). The total
aggregate area was then calculated for the whole image from each segment (Eq. 5-4) by
multiplying the number of white pixel times the area of each pixel. The ratio between the
total aggregate area and surface area (from Eq. 5-5), AR, was used as an index of concrete
surface roughness (Eq. 5-6). A closer approach was used in medical applications regarding
brain tumors [165]. The AR then can be related to the surface roughness calculated from
the 3D laser scanning method with a function based on the sample results.
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(a)

(C)

(b)

(d)
(e)
(f)
Figure 5-1 Image processing method. (a) colorful image imported to MATLAB, (b) the RGB image after
applying color enhancement filter, (c) segmentation of RGB image, (d) gray-scale image, (e) the black and
white image after applying the threshold, (f) separation of aggregate in RGB image. (scale 1/4)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑙𝑎𝑐𝑘 𝑎𝑛𝑑 𝑤ℎ𝑖𝑡𝑒 𝑝𝑖𝑥𝑒𝑙𝑠 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 (𝑁)
150
= ∑150
𝑊=0 ∑𝐻=0[𝐾(0) + 𝐾(1)]

(5-2)

150
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑤ℎ𝑖𝑡𝑒 𝑝𝑖𝑥𝑒𝑙𝑠 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 (𝑛) = ∑150
𝑊=0 ∑𝐻=0[𝐾(1)]

(5-3)

Pixels= Width (W) × Height (H)= 150×150, K(0) =black pixel (digit 0), K(1)
=white pixel (digit 1)
𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑖𝑚𝑎𝑔𝑒 (𝐴𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 )
𝑠𝑒𝑔𝑚𝑒𝑛𝑡 16

= ∑𝑠𝑒𝑔𝑚𝑒𝑛𝑡 1 𝑛 × 𝐴𝑝𝑖𝑥𝑒𝑙

(5-4)

𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝑛 × 𝑁 × 𝐴𝑝𝑖𝑥𝑒𝑙 (5-5)
𝐴𝑝𝑖𝑥𝑒𝑙 = (0.254)2 mm2 = (0.01)2 in2
𝐴𝑅 =

𝐴𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒
𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒
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(5-6)

5.2.3

Machine learning technique

Machine learning is a set of techniques that learn from data and experience without
implementing an explicit program [166]. Machine learning has been utilized in structural,
civil, and bridge engineering [167], [168], [169], [170],[171],[172],[173],[174].
There are several drawbacks associated with the image processing method, such as being
a time-consuming process, extensive human intervention, the sensitivity to environmental
conditions, type of camera used for imaging as shown in Figure 5-2, and object distance
and angle from the camera. To overcome these drawbacks, machine learning and deep
learning techniques were employed to reduce human errors and provide a robust tool for
estimating the concrete surface roughness.

(b)

(a)

(d)
(c)
Figure 5-2 Images of concrete surface in different environments (scale factor 1/6). a) office light, b) dark
room with flash, c) scanner image, d) scanner image with an angle.

The proposed machine learning method is defined as a classification technique that predicts
the class of each image based on its deep visual features. Classification is a supervised
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machine learning method that needs data with pre-assigned labels. Then, the model can
learn from the existing data samples to predict the labels. Images are divided into training
and testing sets. The training set includes the data that is used for training the machine
learning model while the testing set includes the data for validating the model. In particular,
approximately 80% of images are used for training, and 20% of them are utilized for
testing. The great success of machine learning and deep learning techniques [175] in the
image and visual data processing heavily depends on the availability of large-scale
annotated datasets to learn the existing pattern in the data. However, collecting large-scale
image dataset with labels is time-consuming, tedious, and expensive, especially in this
problem. Therefore, in this study, a powerful technique called data augmentation [176] is
utilized to generate synthetic training images from the existing data. This method helps the
deep learning model to be generalized to the new conditions and environments that are
never experienced beforehand. If the model only trains on the current image dataset, it is
almost impossible to predict the class of new images with different conditions. However,
using data augmentation, it is possible to generate a variety of samples by changing the
different characteristics of the images. Specifically, in this work, the augmentation
operations include random rotation, blur, brightness, horizontal and vertical flipping, and
resizing the images. These operations are applied only on the training data and increased
the sample sizes. The nine small specimens were categorized into three classes, as
described hereafter, based on the surface roughness degree from the 3D laser scanning
method (Section 3-4-2). Several samples of the augmentation results are shown in Figure
5-3. In total, each class contains 50 training images, including both real and artificially
generated images.
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(b)

(a)

(d)
(c)
Figure 5-3 Sample of concrete surface images. a) original image, b) augmented flipped original image, c)
augmented flipped image, d) augmented blurry image.

Considering the fact that deep neural networks [177] require thousands or even millions of
data samples with labels to learn the parameters of the network, it is still difficult to train a
deep learning model on such a small dataset. Thus, it is necessary to leverage existing pretrained models and transfer the knowledge from a large dataset to this small dataset, this
technique is called transfer learning. In other words, knowledge learned from a large-scale
dataset such as ImageNet [178]can be transferred to the proposed domain with a small
number of images. This technique has several advantages. First, it reduces the necessity of
having large labeled training datasets, which is very time-consuming and needs lots of
human efforts. Second, it enhances the model performance due to the extra knowledge it
captures from a source domain which may not be available in the target problem.
Moreover, it can significantly reduce the training time of the model development by
utilizing the knowledge from a source domain instead of learning a model from scratch. In
this work, a popular pre-trained model called ResNet50 [179] is leveraged to extract the
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deep visual features from the data automatically. ResNet50, proposed by Microsoft
originally in 2015, is a 50-layers of the convolutional neural network, with residual
connections, which avoids vanishing gradients and enhances the model accuracy. A sample
of the residual diagram is shown in Figure 5-4, where (x) is the input of each layer, and
F(x) is the output. The original input is added to the output of the convolution block. This
connection is called skiper (residual).

Figure 5-4 A block diagram of ResNet model [179]

This model is pre-trained on the ImageNet dataset (a very large-scale image dataset with
millions of samples and 1000 classes). ResNet was the first model that could beat the
human on this dataset for image classification. This powerful deep learning model is used
as the base model in this problem. The last layer of this model is removed, and a new
classification layer (also called softmax) with three outputs is added to this network to
predict the corresponding classes. In this study, based on the result of 3D laser scanning,
as described in Section 3.4.2. The samples are separated into three classes (C1, C2, and
C3), representing the roughest surface to the smoothest. In this technique, when a brand
new image is given to the network, the output of the network generates three probabilities
(e.g., [P1, P2, P3]), which represents the probability of matching with classes from C1 to
C3, respectively). This method has two benefits. First, it is possible to find the predicted
class by getting the maximum probability and second, it estimates the roughness of the
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surface by getting a weighted average of the roughness of each class. More specifically,
the roughness is calculated using Eq. 5-7.
𝑅𝑎 = 𝑃1 (𝐶1𝑎𝑣 ) + 𝑃2 (𝐶2𝑎𝑣 ) + 𝑃3 (𝐶3𝑎𝑣 )

(5-7)

where 𝐶1𝑎𝑣 , 𝐶2𝑎𝑣 and 𝐶3𝑎𝑣 are the average roughness of classes C1 to C3 respectively
(Values are presented in Table 5-1).
The input image size is set to 300×300 pixels. In this method, Adam optimization method
[180], with learning rate 0.0001 is used to update the weights of the network iteratively.
Due to the small size of the dataset, the batch size is selected as eight (eight images are
passed through the network in each iteration to update the network parameters), and the
epoch is set to 100. In other words, in each epoch, the entire training dataset is passed
through the network. The loss function is ‘categorical cross-entropy’ which is a common
loss function for multi-class classification.
5.3
5.3.1

Method Correlation
3D laser Scanning Results

The degree of surface roughness of the nine small specimens was calculated based on Eq.
5-8, as shown in Table 5-1, using the 3D laser scanning method. The average roughness,
standard deviation, and coefficient of variation were calculated as 1.5867 mm (0.0625 in.),
0.3563 mm (0.0140 in.), and 8%, respectively. The nine samples are categorized into three
classes C1 (Ra>=1.75mm), C2 (1.75mm>Ra>=1.35mm), and C3(Ra<1.35 mm)
representing the roughest surface to the smoothest. The average roughness of each class is
listed in Table 5-1.

98

Table 5-1 Calculated Ra for each small sample (S).
S
1
2
3
4
5
6
7
8
9

Class
C1
C2

C3

Ra (mm)

Ra (in.)

Avg. (𝐶𝑎𝑣 )

2.1999
2.0998
1.6998
1.5999
1.4999
1.3998
1.3005
1.2979
1.1989

0.0866
0.0827
0.0669
0.0630
0.0591
0.0551
0.0512
0.0511
0.0472

2.1499 mm
0.0846 in.
1.5499 mm
0.0610 in.
1.2658 mm
0.0498 in.

5.3.2 Digital Image Processing Results
The results of the image processing method for the images which were taken in a dark
room with flash applied (Figure 5-5) are presented herein. As mentioned in Section 4.2,
the total area of exposed aggregate was used as a criterion to distinguish the degree of
concrete surface roughness. Not surprisingly, the samples with more exposed aggregates
(Figures 5-5a and 5-5b, Samples 1 and 2) get higher average surface roughness if compared
to samples with less exposed aggregates (Figures 5-5g, 5-5h, and 5-5i for Samples 5-7,58, and 5-9, respectively), as shown in Table 5-2 which shows the productivity of this
method. The maximum, minimum, and average of the threshold used for each image
segmentation and the total area of aggregate for each image are listed in Table 5-2.
Considering the test results graphically shown in Figure 5-6, the correlation between the
surface roughness obtained from the 3D laser scanning method and the ratio of the
aggregate area-to-total area can be expressed by polynomial function (Eq. 5-8). The
corresponding constant coefficients of the suggested equation are listed in Table 5-3.
𝑅𝑎 = 𝑘1 𝐴𝑅 2 + 𝑘2 𝐴𝑅 + 𝑘3

(5-8)

Where Ra: surface roughness calculated from the 3D laser scanning method;
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AR: the ratio of aggregate area-to-total surface area; and
k1, k2, and k3: coefficients to correlate the ratio of the aggregate area-to-total area
to the surface roughness.

(a)

(b)

(c)

(d)

(f)

(g)

(h)
(i)
(g)
Figure 5-5 Image s for digital image processing method. Sample 1 to Sample 9 is from (a) to (i).

Table 5-2 Digital image processing results for small samples.
S

T (min)

1
2
3
4
5
6
7
8
9

110
85
125
140
145
160
160
130
150

T
(max)
160
170
200
205
200
180
220
220
230

T
(avg.)
137
144
151
169
167
161
187
190
196

100

Aggregate
mm2(in2)
10472 (16.23)
9970 (15.45)
8946 (13.87)
7506 (11.63)
7449 (11.55)
7431 (11.52)
4890 (7.58)
4888 (7.58)
4874 (7.56)

(AR)
0.4509
0.4293
0.3852
0.3232
0.3207
0.3199
0.2105
0.2105
0.2099

Table 5-3 Coefficients Values for k1, k2, and k3.
Unit
System
(mm)
(in.)

𝑘1

𝑘2

𝑘3

R2

15.106
0.5947

-6.0754
-0.2393

1.8778
0.0739

0.9668

Figure 5-6 Correlation between the ratio of the aggregate area-to-total area to the surface roughness.

5.3.3 Machine Learning Results
After training the ResNet50 deep learning model on the training dataset, the performance
of the network is evaluated on the testing data. The testing samples are not augmented, and
they are not used during the training step. Therefore, the model has never seen the testing
data previously. The testing images (two per each surface) are carefully selected to be
different from the training samples (for example, they are taken in a different lighting
condition, or with a different angle).
Figure 5-7 shows the accuracy performance of two models with augmentation (aug.) and
without augmentation (non-aug.) on the validation (test) dataset during training. In other
words, after each epoch, the model is evaluated on the testing set.

101

It can be noted that the performance of “non-aug.” model cannot improve over the time
and the dotted plot is relatively flat (it only improves from 25% to 38%), while the “aug.”
model can improve its accuracy over the time and reaches to 94% in the final epochs.
Similarly, in Figure 5-8, it can be noted that the loss value of the “aug.” model reduces
over time; however, the “non-aug.” cannot learn anything from the data set. These results
demonstrate the importance of augmentation or synthetic data in training deep neural
networks on such small datasets. The confusion matrixes of these two models ("aug.”,
“non-aug.”) are also shown in Table 5-4 and Table 5-5, respectively.

Figure 5-7 Accuracy of deep learning models at each epoch.
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Figure 5-8 Loss values of deep learning models at each epoch.

From these results, it can be noted that “aug.” model can classify all images correctly
except one of the samples in class 1. On the other hand, “non-aug.” model misclassified
many samples from Class 1 and Class 2 to Class 3 instead.

Table 5-4 Confusion matrix for deep learning model with augmentation.
Predicted class/
Real class
C1

C1

C2

C3

3

1

0

C2

0

8

0

C3

0

0

6

Table 5-5 Confusion matrix for deep learning model without augmentation.
Predicted class/ Real
class
C1

5.4

C1

C2

C3

1

0

3

C2

0

2

6

C3

0

0

6

Method Validation Using Large Scale Specimen

To validate both image processing and machine learning methods, a new set of images was
taken from large scale T-beam which was roughened using sandblasting, as shown in
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Figure 5-9. The purpose of this step is to run new images that both methods never
experienced before and to predict the degree of surface roughness then compare the results
to those obtained from the 3D laser scanning method.
Six images were used in the validation of both image processing and machine learning
methods, which belong to a web of a large T-beam with a total length of 4724 mm (186
in.) and a height of 419 mm (16.5 in). Each sample was 203.2 mm × 203.2 mm (8 in.×8
in.), as shown in Figure 5-10.

Figure 5-9 Large scale T-beam section with a roughen surface.
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(a)

(b)

(c)

(e)
(d)
(f)
Figure 5-10 Large scale sample images are selected from Figure 10. Sample 1 to Sample 6 are from (a) to
(f). (scale 1/4)

Table 5-6 shows the values for average surface roughness obtained from the 3D laser
scanning method (Eq. 5-9), the ratio of the aggregate area-to-total area (Eq. 5-6), and
average surface roughness obtained from digital image processing method using Eq. 5-8.
It can be noted that the maximum error of image processing never exceeded 7%.
Table 5-7 shows the probability of each image to match each class (e.g. large scale sample
1 match 1% of Class 1, 48% of Class 2, and 51% of Class 3), the predicted class which is
the class with dominated probability (e.g. large scale sample 2 matches 66% of class 2,
therefore, it was classified as C2, whereas large scale sample 3 matches 97% of Class 3,
therefore, it was classified as C3), and the average surface roughness obtained from
machine learning using Eq. 5-7. It can be noted that the maximum error of image
processing never exceeded 6.5%.
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Figure 5-11 shows a comparison between the values of average surface roughness for both
image processing and machine learning methods against those obtained from 3D laser
scanning with errors never exceeded 7% for both methods.
Table 5-6 Comparison between 3D laser scanning and image processing results. (1 mm=0.03937 in.)
Large
scale
sample
1

Ra
scanning
(mm)
1.4141

0.285

Ra
Eq. 5-8
(mm)
1.3725

2

1.6791

0.386

1.7850

3

1.3591

0.195

1.2670

4

1.3857

0.266

1.3301

5

1.4799

0.332

1.5268

6

1.5577

0.356

1.6473

AR image
processing

Table 5-7 Comparison between 3D laser scanning and machine learning results. (1 mm=0.03937 in.)
Large
scale
sample
1

P1

P2

P3
0.51

Predicted
class
C3

Ra
Eq.5-7
(mm)
1.4961

0.01

0.48

2

0.17

0.66

0.18

C2

1.6463

3

0.00

0.03

0.97

C3

1.4362

4

0.01

0.17

0.83

C3

1.4741

5

0.01

0.62

0.37

C2

1.5125

6

0.04

0.90

0.06

C2

1.5668
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Figure 5-11 Comparison between 3D laser scanning method, image processing method, and machine
learning method.

5.5

Summary and Conclusion

The degree of concrete surface roughness contributes to the bond strength between two
concrete surfaces, which are cast at different ages for either new construction or repair and
retrofitting of concrete structures. This chapter presents two robust methods to quantify the
concrete surface roughness from images that are taken from basic cameras or smartphones.
A digital image processing method with a new index for concrete surface roughness based
on the aggregate area-to-total surface area is introduced. A machine learning method, by
applying the augmentation and transfer learning techniques, is utilized to categorize the
image based on the classification given during the learning process. Both methods were
related to a well-established method of 3D laser scanning from sandblasted small concrete
surfaces. Finally, new images from the web of sandblasted large scale T-beam were used
to test and validate both methods.
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The following conclusions can be drawn from this research:


The digital image processing method could be used as an efficient tool for
measuring surface roughness if the environmental conditions of the images kept the
same.



The ratio of the aggregate area-to-the total area of the surface can be used as an
index to classify surface roughness and can be directly correlated to the average
surface roughness obtained from the 3D laser scanning method with an accuracy
of, at least, 93%.



The machine learning technique overcomes the common drawbacks of digital
image processing, such as sensitivity to the environmental condition, and could
extensively decrease human intervention.



In this research, the transfer learning technique could be successfully used to
transfer the knowledge learned from a large-scale dataset such as ImageNet to the
proposed domain with a small number of images.



By applying augmentation techniques, the proposed deep learning model could
increase the accuracy by 60% if compared to the model without augmentation and
could overcome the issue of the limited number of source data for deep learning
training.



The pre-trained ResNet50 model could successfully classify the surface roughness
and could predict the surface roughness with an accuracy of more than 93% for new
images that were not seen before during the training of the machine learning model.
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CHAPTER 6 CHARACTERISTIC OF UHPC AND NUMERICAL MODELING
OF CONCRETE –TO-UHPC BOND STRENGTH
Ultra-High Performance Concrete (UHPC) has been a material of interest for retrofitting
reinforced concrete elements due to its superior mechanical and material properties.
Numerous experimental studies for retrofitting concrete structures have shown an
improvement in durability performance and structural behavior. However, conservative
and sometimes erroneous estimates for bond strength are used for calculating the strength
of the composite members. In addition, different roughening methods have been used to
improve the bond mechanism; however, there is a lack of numerical simulation for the
force transfer mechanism between the concrete substrate and UHPC as a repair material.
This paper presents an experimental and numerical programe designed to characterize the
interfacial properties of concrete substrate and its effect on bond strength between the two
materials. The experimental programe evaluates two different surface preparations and
additional material tests to complement the UHPC properties. Non-linear finite element
analysis was conducted, which uses a numerical zero thickness volume model to define the
interface bond instead of a traditional fixed contact model. The numerical results from the
zero thickness volume model show a good agreement with the experimental results with a
reduction in error by 181% and 24% for smooth and rough interface surfaces if compared
to the results from the fixed contact model.
6.1

Introduction

For the past two decades, ultra-high performance concrete (UHPC) has been in the interest
of research with different range of applications for bridge construction, building, off-shore
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structures, oil and gas industry, hydraulic structures, architectural components, repair and
rehabilitation, and overlays [181],[2]. UHPC is a cementitious material with a high
compressive strength higher than 126 MPa (18 ksi) and post-cracking tensile strength of
more than 5 MPa (0.7 ksi) [37],[38],[39],[40],[41],[182]. UHPC is developed by the
inspiration of three concrete technologies: self-compacting concrete (SCC), highperformance concrete (HPC), and fiber reinforced concrete (FRC) [181]. UHPC is a
combination of portland cement, sand, quartz powder, silica fume, superplasticizer, water,
and steel fiber [38] with different mixture design models [183],[184],[185],[186]. In
UHPC, a higher portion of cement is used compared to the HPC and normal strength
concrete (NSC) [42],[43] and the key factor of UHPC production is the enhancement of
material density, mechanical homogeneity, and particle packing by improving macro and
micro properties [42],[44],[45],[46],[47],[48],[49][50]. Water-to-cement ratio (W/C) of
UHPC is typically less than 0.25 due to the replacement of the portion of un-hydrated
cement with blast furnace slag, fly ash, or crushed quartz [182],[51],[52],[53],[54],[55]. To
improve the workability of the UHPC which is low due to the low W/C ratio,
superplasticizer is added to the mixture [45],[46],[56],[57],[58],[59],[60]. Adding silica
fume can increase the workability of the mixture and can fill the voids between aggregate
particles, therefore, increasing the compressive strength [45],[187],[188],[189]. To change
the brittle behavior of the mixture to a ductile behavior, steel fibers are added. The most
common size of steel fibers is 13 mm (0.5 in.) in length and 0.20 mm (0.008 in.) in diameter
with a recommended ratio of 2% by volume [37],[182],[48],[58],[62]. In this paper, the
interfacial bond strength between UHPC and NSC is studied experimentally, and the results
are used to calibrate the interface properties in ATENA finite element (FE) software. To
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achive this goal, mechanical properties of UHPC are investigated, and test results are used
to simulate the behavior of UHPC in ATENA software. These three-dimensional FE
models can be used to simulate the response of structures made of UHPC or repaired and
retrofitted using UHPC and solve the challenge of interface modelling between UHPC and
NSC.
6.2

Materials and Methods

The first phase of this research includes testing of ten bi-surface shear specimens to
investigate the bond between UHPC and NSC substrate with two main surface preparations
for NSC (as cast and sand-blasted) [84]. The second phase includes the development of
numerical models to calibrate the interfacial bond strength between UHPC and NSC. To
develop numerical models for the interfacial bond between UHPC and NSC, mechanical
properties of UHPC were tested and calibrated numerically, including compressive
strength, tensile strength, and flexural strength. For all the experimental tests a universal
testing machine (UTM) with a maximum capacity of 2224 kN MPa (500 kips) and an MTS
machine with a capacity of 111 kN (25 kips) were used to apply as testing apparatus. For
the numerical modelling a commercial finite element software, ATENA, was used.
6.2.1

Material and Mixing

The detail of this section is provided in section 2.2.1before.

6.2.2

Quality Control and Curing

The rheology of the fresh UHPC was evaluated using ASTM C1437 [190],[191]. In this
test, the fresh UHPC was discharged in a brass cone mold, which is placed over a standard
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flow table with a diameter of 254 mm (10 in.). The mold was lifted straight up to allow the
fresh material to flow out and settle. Then the diameter of UHPC was measured along the
four perpendicular lines marked on the flow table, as shown in Figure 6-1a. The average
of these diameter measurements is called static flow. The flow table was manually dropped
in height for 13-mm (0.5-in.) interval for 20 times. The average of the diameter
measurement in four perpendicular directions after 20 drops is called dynamic flow. The
static flow and dynamic flow of the UHPC were measured at 216 mm (8.5 in) and 228 mm
(9 in), respectively. Based on Table 5-3, the rheological property of the mix is categorized
as fluid.
The fresh UHPC was cast in molds with no need for compaction due to the high flowability
and self-consolidating characteristics of UHPC [192]. The sample cylinders and cubes for
compressive strength test, dog bone specimens for tensile test, beams for the flexural test,
and the portion of large cubes for bond strength test were cast as shown in Figure 6-1b and
as described hereafter. The sample molds were removed after 48 hours of casting and were
cured in ambient laboratory conditions at a temperature of 23 ± 2 ºC (74 ± 3 ºF) and
humidity of 50 ± 5%. It should be noted that to mimic UHPC conditions in the field, and
all test specimens were untreated [193].
Table 6-1 Rheological property measurement based on ASTM C1437 [8].
Spread diameter after 20 drops (mm)
< 200
200-250
>250
1 in. = 25.4 mm
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Mix rheology
Stiff
Fluid
Highly Fluid

(a)
(b)
Figure 6-1 UHPC quality control: (a) rheological property measurement, (b) sampling process.

6.2.3

Modelling Assumptions

ATENA software considers three-dimensional constitutive material models for simulating
concrete behavior. These models combine plasticity with fracture models. Fracture is
modelled by an orthotropic smeared crack model based on Rankine tensile criterion. A
hardening/softening plasticity model based on the Menétrey and Willam (1995) [194] is
used to simulate concrete crushing with a three-parameter failure surface [195]. In this
study, NSC compressive strength is used as the concrete class, and all parameters are
calculated by the software based on a fracture-plastic model. For UHPC, compression and
tensile behaviours differ from NSC not only in values, like tensile strength and especially
fracture energy, but also in the general behaviour of tensile and compression softening
branch [196]. However, in ATENA software, user-defined material models with
constitutive laws can be used, such as ''CC3DNonLinCementitious2user''. These
constitutive laws are tensile and post-cracking softening behavior, compression behavior,
the effect of lateral compression on tensile strength, the effect of lateral tensile strain on
the compression capacity, post-cracking shear strength, and post-cracking shear stiffness
[197].
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Different modelling parameters are defined in this research. These parameters include
tensile strength, modulus of elasticity, Poisson ratio, compressive strength, UHPC behavior
after elastic zoom, and UHPC compressive behavior after elastic zoon. It should be noted
that in ATENA software, two parameters are defined as “characteristic length” and
“localization onset” which are defined to reduce the mesh dependency. The characteristic
length is the length of strain gage used in the experimental test or the element size, which
is used to calibrate the material [45], and the localization onset is defined as strain at
maximum stress. In this research, the characteristic length is chosen as the dimension of
the mesh element.
After defining the nonlinear parameters of both NSC and UHPC in the fracture-plastic
model, modelling of the UHPC-to-concrete interface for the bond test specimens can be
conducted. Generally, in numerical simulation, interfaces between two layers of concrete
are modelled as a fixed contact for surface or using tie models, which cause overestimation
of the interfacial bond strength that may result in eliminating the sliding between the
substrate and repair material. Numerically, the interface can be idealized as a zero thickness
volume model, which can transfer the tangential shear and normal tractions. These transfer
tractions are function of tangential displacement (𝛿𝑡 ) and normal displacement (𝛿𝑛 )[198].
In this study, the interface constitutive law is formulated based on the Moher-coulomb
failure criterion (Figure 6-2) with a zero thickness volume and post-failure tractionseparation laws in shear and tension [197],[198].

114

(a)
(b)
(c)
Figure 6-2 Interface modelling parameters: (a) failure surface for interface material based on Moher-column
model; (b) the interface model behavior in shear; (c) the interface model behavior in tension [109].

The parameters which are shown in Figure 6-2 are defined as follow:
𝑓𝑡 is the tensile strength of the bond from direct pull-off test;
C is bond cohesion measured from bond shear test;
∅ is coefficient of friction;
σ is normal stress; τ is shear stress;
𝐾𝑛𝑛 is tangent stiffness which correlates the normal displacement to the normal
tractions (calibrated based on experimental results);
𝐾𝑡𝑡 is tangent stiffness which correlates tangential displacement to the tangent
tractions (calibrated based on experimental results);
𝐾𝑛𝑛(𝑚𝑖𝑛) is minimum normal stiffness; and
𝐾𝑡𝑡(𝑚𝑖𝑛) is minimum tangential stiffness.
6.2.4

Material Modelling Calibration

To simulate the interfacial bond between UHPC and NSC, two initial steps were conducted.
In the first step, the fundamental characteristics of UHPC, including compressive, tensile
and flexural behaviors were tested experimentally. In the second step, experimental results
from the first step were used to calibrate and define the fracture-plastic model parameters
for the UHPC.
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6.2.5

Compression Test

To evaluate UHPC compressive strength and modulus of elasticity, a total of nine
cylindrical specimens and nine cubical specimens were cast. All the cylindrical specimens
were cast in molds of 76-mm (3 in.) in diameter and 150 mm (6 in) in height and tested
based on ASTM C39 [141]. All the cubical specimens were cast in molds of 51 mm (2 in.)
each side and tested based on ASTM C109 [199][200]. To create a uniform pressure on the
specimen’s surface during testing, both side of cylinders’ surfaces were smooth by
grinding[201]. The length and the radius of the cylinders and cube sides were measured to
calculate the true stress, true strain, and density. The load rate was chosen to be 1.0 MPa/s
(150 psi/s) based on federal highway administration (FHWA) recommendations [37].
Figure 6-3 shows the test specimens before and after testing.

(b)
(a)
Figure 6-3 Compressive test specimens: (a) cylindrical specimens before the test; (b) cylindrical and cubical
specimens after the test.

The stress-strain responses from the test specimens for the untreated cylindrical specimens
and cubical specimens at the age of 28-day are shown in Figures 8a and 8b. Due to the
interaction between fibers and UHPC mix components, UHPC shows a ductile behavior
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for both tests. Table 6-2 shows the compressive strength and strain at peak stress for both
cylindrical and cubical specimens.
Furthermore, the modulus of elasticity for UHPC was calculated based on two methods.
The first method is based on scant modulus (𝐸0 ), which is calculated based on the peak
strength (maximum) and the corresponding strain. The second is based on the tangent
modulus of elasticity (𝐸), which is calculated based on the stress and corresponding strain
between 10% and 30% of the maximum compressive strength [37]. The cubical specimens
show a higher modulus of elasticity and compressive strength compared to the cylindrical
specimen due to the shorter aspect ratio and larger lateral confinement provided by the
machine plates, the same trend can be noticed in NSC [37]. Table 6-2 shows the results for
both the secant and tangent modulus of elasticity for both cylindrical and cubical
specimens.
The results from the experimental tests are used to calibrate the parameters needed for
modelling UHPC. The calibrated parameters for the fracture-plastic model and also the
comparison between the experimental results and numerical results are presented in table
6-3 and Figure 6-4, respectively. It should be noted, for all presented models, the mesh size
of 13 mm (0.5 in) with hexahedra mesh element was used, whereas quadrilateral mesh
element was used for the cylindrical specimen at top and bottom; however, prism element
was used elsewhere.
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Table 6-2 Stress-strain result for test specimens under compressive test specimen (1 MPa=145 psi).[202]
Specimen type

Property

Average
(Mpa)

Cylinderical
Specimen after 28
days

Compressive strength
Strain at peak stress
Scant elastic modulus, 𝐸0
Tangent elastic modulus,𝐸

126
0.00353
36016
52081

Standard
deviation
(Mpa)
3
0.000510
3153.5
4136.9

Cubical Specimen
after 28 days

Compressive strength
Strain at peak stress
Scant elastic modulus, 𝐸0
Tangent elastic modulus,𝐸

173
0.00408
42560
61191

5.0
0.000258
4095.0
3909.3

140

Coefficient of
variation %
7.3
0.007
8.8
7.9
12.45
0.002
9.6
8.1

200

(Mpa)
Stress (MP
Axial Stress
a)
Axial

Axial Stress (MPa)

120
100

80
60
40

Experimental

20
0

0.002

0.004
0.006
Axial Strain

0.008

100

50

Experimental
FE

FE

0

150

0
0.01

(a)

0

0.002

0.004
0.006
Axial Strain

0.008

0.01

(b)

(d)
(c)
Figure 6-4 The stress-strain comparison between finite element and experimental tests: (a) cylindrical
specimens; (b) cubical specimens and finite element stress distribution; (c) cylindrical specimen; (d) cubical
specimen. (1MPa= 145 psi). [202]
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Table 6-3 UHPC plastic-fracture model parameters in ATENA software calibrated with experimental test
results. (1 MPa=145 psi, 1 in. = 25.4 mm) [202]
Modulus of elasticity
Compressive strength

Elastic Zone
52081 MPa
-126 MPa
Plastic zone

Compression
1.27 mm
characteristic size
compression localization
-0.001
onset
Compressive behavior
Yield strain
0
-126 Mpa
-0.001
-126 Mpa
-0.01
-38 Mpa

6.2.6

Poisson’s ratio
Tensile strength

0.2
5.8 MPa

Tension
1.27 mm
characteristic size
Tension localization
0.002
onset
Tensile behavior
Crack strain
Tensile stress
0
1.1 Mpa
0.002
6 Mpa
0.1
1 Mpa

Direct Tension and Flexural Tests

The high compressive strength and high tensile strength [37], shorter reinforcement
development length [203], and shorter lap splice length [204] are the main advantages of
UHPC if compared to NSC. The tensile behavior of UHPC before and after cracking was
investigated under direct tension and flexural tests. For the direct tension test, six dog bone
shape briquettes were tested according to AASHTO T132 [205]. The dimension of test
specimens is 76.2 mm (3 in.) in length, 25.4 mm x 25.4 mm (1 in. x 1 in.) in cross-section
at the middle, and 25.4 mm (1 in.) in thickness. The loading rate used in this test was 0.0254
mm/sec (0.001 in/sec) according to [37]. Figure 6-5a shows one of the test specimens after
testing. The testing of briquette specimens shows that UHPC behaved linear elastic before
the first crack then stress hardening occurred because the post-cracking resistance is higher
than the resistance of the mixture. In this case, when the initial crack happened, the fibers
would carry the tensile stress, which is known as the “bridge effect”. The average tensile
cracking strength measured for UHPC in this series of tests was 3.8 kN (0.85 kips) with
standard deviation and coefficient of variation of 0.2 kN (0.045 kips) and 0.06, respectively
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with post cracking peak strength of 4.2 kN (0.94 kips) with standard deviation and
coefficient of variation of 0.2 kN (0.045 kips) and 0.05, respectively (Figure 6-5b). In
Figure 6-5b, the results were only plotted with an offset of 1 mm (0.0394 in.) to better
represent the results, however, the results, in reality, are not with an offset.

(a)
5

Load (kN)

4
3
2

1
0
0

2

1 mm=0.254 in
1 mm=0.0394

4

6
8
Displacement (mm)

10

12

(b)
Figure 6-5 Direct tension test: (a) AASHTO T132 test; (b) load-displacement for briquettes. (1 kN=0.22 kips)
[202]

It should be noted because of the dimension of the briquette and effect of boundary
condition, this test is not considered directly in the simulation, and it was just used as the
preliminary data for simulating the flexural test.
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Although the uniaxial test can be considered the most realistic method for determining the
tensile post-cracking behavior, it has some difficulties such as the boundary condition of
the testing machine, the complicacy in the test setup and data collection [4], difficulties in
obtaining evenly distributed stresses through the section, and controlling the stable load
versus displacement/crack opening [5]. In this series of tests, the flexural test was
conducted according to ASTM C1018 [206] on three small scale beams with a crosssection area of 153 mm × 153 mm (6 in.× 6 in.), a total length of 612 mm (24 in. ), and
an effective span length of 459 mm (18 in.). The small scale beams were supported over
roller supports and were tested using a three-point load test setup using a hydraulic jack
with a loading rate of 110 N/s (24.7 (lb/s), as shown in Figure 6-6a. From the experimental
results, the UHPC beam specimens show a linear behavior before the occurrence of the
first crack then the beam deformation was localized in the first crack with a nonlinear
increase in deformation until failure, as shown in Figure 6-6b. The steel fibers could resist
the tensile forces from the external load after the growth of the first crack, which kept the
beam specimen intact. The results from flexural tests were used to define the fractureplastic model parameters of UHPC in tension, as shown in Table 6-3. A comparison
between experimental results and finite element results shows a good correlation in forcedisplacement curves, as shown in Figure 6-6c. Figure 6-6d shows the numerical stress
distribution showing the first crack propagation, which is comparable to the mode of failure
in Figure 6-6b.
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(a)

(b)

120
Experimental

(kN)
Load(KN)
Load

100

FE

80
60
40
20
0
0

1

2
3
Displacement (mm)

4

5

(d)
(c)
Figure 6-6 Flexural test: (a) test setup; (b) specimens after testing; (c) comparison between experimental and
finite element results; (d) stress distribution in finite element model (1 kN=0.22 kips,1 in=25.4 mm). [202]

6.2.7

Results of Bond Strength Modelling for Bi-Surface Test

In the last step, the interface model was used to simulate the interfacial bond strength
between UHPC and NSC. The parameters related to the bond model for smooth and rough
surfaces are shown in Table 6-4. These parameters are calculated by calibrating the
experimental results of bi-surface shear tests and from literature.
The bond tension strength (𝑓𝑡 ) was assumed from the direct pull-off test result from
literature [138], bond cohesion (C) was calculated from a test with pure shear stresses and
no normal stresses condition, however, in this model, the value, calculated from the bisurface shear test, was input directly into software as a reasonable approximation. For the
coefficient of friction (𝜇), the recommended value from AASHTO-LRFD was used [98].
Normal stiffness 𝐾𝑛𝑛 and tangential stiffness 𝐾𝑡𝑡 are calibrated to support the experimental
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test results. Also, it should be noted that the minimum normal stiffness 𝐾𝑛𝑛(𝑚𝑖𝑛) and
minimum tangential stiffness 𝐾𝑡𝑡(𝑚𝑖𝑛) which represent the interface stiffnesses after failure
are chosen as 0.1% of the initial values to eliminate numerical errors [197].

Table 6-4 The parameters of the interface model for different surface preparation.(1 MN/m3 =3.68 lb/in3 )
[202]

Sand blasted
surface
Smooth surface

𝐶
Mpa

𝑓𝑡
psi

Friction
coefficient

𝑘𝑡𝑡
(𝑀𝑁⁄𝑚3 )

𝑘𝑛𝑛
(𝑀𝑁⁄𝑚3 )

𝑘𝑡𝑡(𝑚𝑖𝑛)
(𝑀𝑁⁄𝑚3 )

𝑘𝑛𝑛(𝑚𝑖𝑛)
(𝑀𝑁⁄𝑚3 )

6.28

2

1

2.2e+8

2.2e+8

2.2e+6

2.2e+6

2.8

0.5

0.5

1e+6

1e+6

1e+4

1e+4

Interface Shear Strength (MPa)

8

7.9

FEM

6.3

6.2

Experimantal Test

6

4
2.76

2.8

2

0

Fixed contact
surface Test Smooth surface
FEM surface Rough
Experimantal

(a)

(c)
(b)
Figure 6-7 Bond strength numerical results: (a) comparison between experimental and numerical model
results of bond strength; (b) specimen failure; (c) stress distribution in the finite element model. (1MPa=145
psi) [202].

To highlight the importance of simulating the interface, the results of the model with
experimental and the model with a fixed contact for surface between the two layers of
UHPC and NSC are compared in Figure 6-7a. Figure 6-7c shows the stress distribution
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from the finite element and its corresponding actual mode of failure from experimental
testing (Figure 6-7b).
6.2.8

Results of Bond Strength Modelling for Push-Off Test

The parameters related to the bond model for a smooth surface with roughness number
ranging 0.14 ~0.17 mm and rough surfaces with roughness numbers ranging from 0.7~1.1
mm are shown in Table 6-5. These parameters are calculated by calibrating the
experimental results of the shear test.
Table 6-5 The parameters of the interface model for different surface preparation. (1 MN/m3 =3.68 lb/in3)

Rough surface
,Ra (0.7~1.1)(mm)
Smooth surface, Ra
(0.0055~0.0067
(mm)

𝑘𝑡𝑡(𝑚𝑖𝑛)
𝑘𝑛𝑛(𝑚𝑖𝑛)
𝑘𝑡𝑡
𝑘𝑛𝑛
(𝑀𝑁⁄𝑚3 ) (𝑀𝑁⁄𝑚3 ) (𝑀𝑁⁄ 3 ) (𝑀𝑁⁄ 3 )
𝑚
𝑚

𝐶
Mpa

𝜇

𝑓𝑡
Mpa

3

1.3

2

1.2e+8

1.2e+8

1.2e+6

1.2e+6

1.25

0.65

0.5

0.9 e+8

0.9 e+8

0.9e+6

0.9e+6

To check the accuracy of the proposed finite element parameters, the result of the finite
element is compared to the experimental test as table 6-6.
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Table 6-6 Comparison between Finite Element result and experimental test result.
Specimen

𝜌=
0.0

𝑅𝑎
Push off
test
Rough
(Sandblasting)

0.7~1.1
(mm)
0.03~0.0
4(in)

Finite
Element
Model

2.86
(Mpa)
415
(psi)
2.81
(Mpa)
408
(psi)

Difference
(%)
Push off
test
Smooth
(As cast)

Finite
Element
Model

0.14~0.1
7
(mm)
0.0055~
0.0067
(in)
-

𝜌=
𝜌=
𝜌=
𝜌=
𝜌=
0.001 0.003 0.006 0.009 0.012
5
4.25
4.4
5.74
8.06
(Mpa) (Mpa) (Mpa) (Mpa) (Mpa)
616
638
832
1169
(psi)
(psi)
(psi)
(psi)
(psi)
3.61
4.41
6.01
7.6
(Mpa) (Mpa) (Mpa) (Mpa) (Mpa)
524
640
872
1104
(psi)
(psi)
(psi)
(psi)
(psi)

2

15

1

5

6

-

1.26
(Mpa)

1.77
(Mpa)

1.84
(Mpa)

3.02
(Mpa)

3.82
(Mpa)

4.47
(Mpa)

183
(psi)

257
(psi)

268
(psi)

438
(psi)

553
(psi)

648
(psi)

1.26
(Mpa)
183
(psi)

1.72
(Mpa)
250
(psi)
3

2.18
(Mpa)
316
(psi)
18

3.09
(Mpa)
448
(psi)
2

4.06
(Mpa)
588
(psi)
6

4.88
(Mpa)
708
(psi)
9

Difference
(%)

0

In Figure 6-8 the ATENA output results in term of stress distribution is illustrated and the
crack pattern of NSC and deformation of rebar (in term of clamping and dowel action) are
compared to the experimental test results.
The results from the finite element and the experimental test show an acceptable agreement
that validates the use of the proposed FE model to simulate the structures using UHPC and
interface bond between UHPC and NSC.
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(a)

(b)

(b)
(c)
Figure 6-8 Bond strength numerical results: (a) Concrete crack pattern-R6 experimental; (b) Concrete crack
pattern-R6 experimental –R6; (c) Rebar clamping and dowel action –R6-experimental (d) Rebar clamping
and dowel action –R6-Finite element (1MPa=145 psi)

6.3

Summary and Conclusion

In this chapter, the interfacial bond strength between normal strength concrete and ultrahigh performance concrete with smooth and rough interface surfaces was investigated
experimentally and numerically. First, the interfacial bond strength was evaluated
experimentally by testing 10 cubical specimens using a bi-surface shear test setup. Second,
to calibrate the UHPC material model in ATENA FE software, 18 different test specimens,
including cylinders, cubes, briquettes, and flexural beams were cast and tested under
compression, direct tension, and flexural tests. In the end, the results from both
experimental and numerical results were used to calibrate the parameters of a zero
thickness volume interface model in FE software. The numerical results were compared
with experimental results and conventional fixed contact model approach. The following
conclusions can be drawn based on the conducted research:
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In ambient conditions and after 28-day, the compressive strength and tensile
strength of UHPC reached 126 MPa (18 ksi) and 6.5 Mpa (0.95 kips), respectively,
which nominates UHPC as an efficient repair material for damaged structures.



The bi-surface shear test results showed the average bond strength of 2.9 Mpa (420
psi) for specimens with smooth interface surfaces whereas, this value increased by
134% for specimens with rough interface surfaces by sandblasting.



The plastic-fracture model could predict the tensile and compressive behaviours of
UHPC with acceptable accuracy, which makes it a practical tool for modelling
structures, including UHPC.



For modelling the interface between UHPC and normal strength concrete, the result
from the bi-surface test could be used directly as the interface cohesion parameter
and the only calibrated parameters were the normal stiffness 𝐾𝑛𝑛 and tangential
stiffness 𝐾𝑡𝑡 .



Modelling of the interface using a fixed contact for the surface model cannot
distinguish the effect of surface preparation on bond strength between normal
strength concrete and UHPC, which may lead to erroneous numerical results.



By comparing the fixed contact model and the zero thickness volume model with
experimental results, the error of simulation for smooth and rough surface dropped
from 182% and 25% to around 1%, respectively.



The Bond-interface model used could be use as strong tool for molding the interface
between different concrete layers casting in different time sequences.
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CHAPTER 7 ROBUST UPGRADING TECHNIQUE USING ULTRA HIGHPERFORMANCE CONCRETE FOR RETROFITTING BRIDGE
SUPERSTRUCTURE
(CONSTRUCTABILITY OF THE IDEA)
7.1

Introduction

The bridge decks are deteriorating due to the severe environmental conditions, which cause
a serious reduction in their performance and service life. The diffusion of the chloride in
the concrete and the resulting corrosion of the reinforcements can be addressed as one of
the main causes of deterioration. Although different conventional methods are available
for repairing and protecting the bridge elements, such as attaching external plates, bonding
reinforcement, using resin-based repair, Fiber Reinforcement Polymer, or a concrete
protective system, all of these methods have shortcomings. Therefore, developing an
economical method, which can protect the bridge elements in a severe environment and
also increase the strength and performance of the bridge structures, can be an acceptable
solution for retrofitting the damaged elements. Based on the promising characteristics of
Ultra-High Performance Concrete (UHPC), using a thin layer of the UHPC on the damaged
areas as a protective shell may be a solution to solve the problem being addressed. The
application of a protective shell is suitable for retrofitting based on its low permeability,
and its ability to increase the strength of the element, ease of cast, and reduce time and cost.
This chapter presents the conceptual approach for retrofitting bridge deck elements, and
the results related to the structural performance of the deck will be present in the future. In
this chapter, the corrosion Durability of UHPC shell was investigated periodically by
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measuring the microcell corrosion activity between corroded rebar embedded in salted
concrete as the anode and rebars embedded in UHPC layer as the cathode by considering
different anode to cathode ratio. Also, a half-cell test to check the corrosion activity of the
system applicable to any element retrofitted with UHPC is implemented too. The results
derived from Durability tests showed the practical performance of UHPC shell to reduce
corrosion activity and to increase the service life of the structure.
7.2

Research Methodology

The purpose of this study is to investigate the constructability of the idea by retrofitting a
large T-section deck. To aim this goal, a T-section deck as the core of the section was cast
with simulating the damages. Then the concrete surface was roughened by sandblasting
combined with using mechanical connectors to prepare a sufficient bond between the
UHPC overlay and the normal concrete (NC) substrate. The next step was to cast a part of
the deck with corroded reinforcement and to contaminate concrete with the salt to check
the diffusion of chloride through the UHPC layer. The final construction step was to cast
the thin UHPC shell layer around the T-section deck.
7.3

Experimental Program

During the experimental study, a thin layer of UHPC shell is cast around a damaged Tsection deck (core) to protect and also increase the structural performance of this section.
The damages of the deck were simulated by removing the concrete covers and longitudinal
and transversal reinforcements in the flang and web.
Figure 7-1 shows the section of the deck in the damaged stage and the retrofitted section.
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∅10, S203mm

∅10

1245mm

1143mm

64mm
89mm
25mm

178mm

444mm

508mm
∅ 10, S200mm
∅10, S190mm

51mm ∅10

419mm
∅16

457mm
457mm

64mm
254mm

∅16

(a)

330mm
38mm ∅16

(b)
Figure 7-1 The deck section detail: (a) Damaged section; (b) Retrofitted section.

7.3.1

Construction Procedure

The construction procedure of the retrofitting section included several steps, which are
explained briefly in the following sections.
7.3.2

Casting the Damaged Section as the Core

The dimensions of the damaged deck are 1143 x 89 mm. For the flange and 254 x 419 mm.
For the web, with a total length of 4570 mm. The damaged section has three ∅16
longitudinal reinforcements in the web with a cover of 10 mm from the bottom of the web
and six ∅10 longitudinal reinforcements in the flange with a cover of 71 mm. From the top
of the flange. The flange also has transversal ∅10 reinforcement at 200-mm, and the
transversal ∅10 reinforcement on the web with a dimension of 254 x 508 mm at 198 mm,
located partly in the core and partly out of the core. Figure 8-2 shows the process of casting
the core section. In this step, after caging the reinforcements, three steel strain gages were
installed in the middle of the three longitudinal reinforcements on the web. Also, four
vibrator concrete strain gages were installed in the height of the section in the middle of
core length, as shown in Figures 7-2(a) and 7-2(b). After installing the strain gauges and
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the cage, an NC was cast in the formwork. A local supplier provided the NC as a readymix with a nominal strength of 22 KN and a slump of 100 mm. The sampling from the NC
was done based on ASTM C39 [141] in the plastic mold with a diameter of 152-mm. After
scoping the concrete inside the molds, the compacting procedure for NC specimens was
done according to ASTM C31-69, and the exposed surfaced of the concrete was covered
with plastic to prevent moisture loss. The sample molds were removed 48 hours after
casting. They were kept in the same deck location and were cured in the ambient condition
of the laboratory. Figures 7-2(d) to 7-2(f) show the process of casting and the test specimen
after removing the formwork.
7.3.3

Surface Preparation

For preparing a good bond between the regular concrete and the UHPC, the test specimen
was delivered to a local sandblasting shop, as shown in Figure 7-3(a), and the surface of
the concrete was roughed with sandblasting, as shown in Figure 7-3(b). It should be
mentioned that to evaluate the amount of the roughness of the surface, and 3-D scanner
was used to calculate the roughness degree of the section (Figure 7-3(c)). Although
sandblasting prepares an acceptable bond, but also to increase the performance of the bond,
some mechanical connectors were added to the surface of the concrete core section with a
diamond pattern. These mechanical connectors were made of rebar ∅10 with a length of
57 mm (Figure 7-3(d)). The holes of the mechanical connectors were made on the surface
of the test specimen by applying a concrete drill hammer with a depth of 13 mm and a
diameter of 10 mm. Then they were filled with anchoring adhesive at the end, and the
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connectors were forced inside of the holes with a plastic head hammer (Figure 7-3(e)). The
pattern of mechanical connectors is shown in Figures 7-3(f) to 7-3(h).

527mm
483mm

267mm
38mm

(a)

(b)

(c)

(d)

(e)
(f)
Figure 7-2 The deck section detail: (a) Damaged section reinforcement cage; (b) Location of vibrator concrete
in section; (c) Formwork of the damaged section; (d) Casting the regular concrete in the formwork; (e) The
test specimen after casting inside the formwork; (f) The test specimen after demolding.
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(a)

(b)

(c)

(d)

(e)

(f)
64mm 254mm

∅10, S356mm

127mm
127mm
127mm
127mm
254mm

(h)
(g)
Figure 7-3 The deck surface preparation: (a) The sandblasting process; (b) The surface of test specimen after
sandblasting; (c) Measuring the roughness degree with a scanner; (d) The mechanical connectors used; (e)
The embedded mechanical connector; (f) The mechanical connectors around the web; (g) The mechanical
connectors on the flange; (h) The mechanical connectors pattern in the section plan.
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7.3.4

UHPC Flowability Mockup Test

Before casting the UHPC, the possibility of casting the UHPC from one side of the
formwork by making a demo test was investigated. The importance of this demo test was
to make sure that during the main casting, which included pouring the UHPC at one end of
formwork and coming up from another end of that, the trapped air inside of the UHPC
paste would be released. A test specimen with the same section of the damaged core in a
length of 610 mm and formwork for casting the UHPC shell around the core made of foam
and transparent epoxy sheets were developed. The purpose of this transparent formwork
was to provide an opportunity for tracking the path of UHPC between the foam gaps. For
pouring the UHPC, a funnel was made to increase the UHPC head and expedite the pressure
of the UHPC between the gaps. At the beginning of the casting, the UHPC paste was
stocked under the core flange in the gap with a dimension of 25 x 610 mm. The reason for
this was a rebar ∅10 located in the middle of the gap, which was dividing the clear gap
dimension from 25 x 610 mm to two gaps with 8 x 610 mm, which looks possible based
on the length of the fibers (13 mm). After removing this rebar, the UHPC was able to follow
its path through the gaps (see Figure 7-4).
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(a)

(b)

(c)

(d)

(e)
(f)
Figure 7-4 the process of demo test: (a) The transparent formwork; (b) Pouring the UHPC; (c) Removing the
rebar ∅10; (d) The flow of the UHPC in the web; (e) The flow of UHPC in the flange; (f) The completed
specimen.

7.3.5

Construction of a Transparent Formwork

After the acceptable result from the demo test, it was decided to make a transparent
formwork for the deck test specimen to prepare the opportunity of following the flow inside
of the formwork. This formwork was made 152mm longer compared to the formwork of
the damaged deck (the core), which gave two 76 mm gaps in each side of the formwork for
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pouring the UHPC. So, by pouring the UHPC from one side of this 76 mm gap and coming
up The UHPC from another side of another 76 mm gap, the flow of the UHPC was
estimated to be 4720 mm. Three number ∅16 reinforcements were added at the bottom of
the formwork, which would be embedded inside of the UHPC shell with a cover of 38 mm.
To increase the structural performance of the shell. The 76 mm gaps discussed above could
also prepare the anchorage length for the longitudinal reinforcements. After adding the
longitudinal reinforcement for the bottom of the web, six ∅10 longitudinal reinforcements
with a cover of 38 mm combined with transversal reinforcement ∅10 at each 203 mm were
added to the top of the flange, as shown in Figure 7-5. For measuring the strain of the added
longitudinal reinforcement at the top of the flange and under the web, three strain gages
were placed. One of the strain gages is located in the middle, and the other two were located
at the quarter length of the test specimen.

(a)
(b)
Figure 7-5 Construction of main specimen formwork: (a) The transparent formwork; (b) Adding the
reinforcement to the UHPC shell on top of the flange deck.
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7.3.6

Preparation of the Deck Surface Before Casting

In this step, the edge surface of the NC and the contaminant NC were grooved with a
rectangular pattern with a dimension of 26 x 20 mm and an average depth of 4 mm. To
prepare a better bond between the NC and the UHPC layer, as shown in Figure 7-7(a). For
preparing a better bond, the surface of the test specimen was covered with wet burlap and
plastic sheets for 24 hours before casting. Therefore, the surface of the regular concrete
before casting the UHPC was saturated without having extra water on the surface (see
Figure 7-7(b)).

(a)
(b)
Figure 7-6 Surface preparation before casting: (a) The groove pattern at the end edge of NC; (b) Covering
the test specimen with wet burlap. (1 in=25.4mm)

7.3.7

Batching and Mixing

Detail of this section is explained in section 2.2.1.
7.3.8

UHPC Placement and Curing

Casting the UHPC was done eight months after casting the regular concrete of the damaged
section (core). The mixing procedure was done outside of the laboratory while the
temperature outside was 25 C. The ready-mix UHPC was placed in the half volume of 5gallon buckets, and they were transferred to the laboratory with a forklift to reduce the time
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of transportation. The UHPC was cast from one end using the 76 mm gap between the
formwork and the damaged deck and was allowed to the other end until the formwork was
full. It should be mentioned that mixing energy required for the UHPC is much more than
conventional concrete. Unfortunately, after the third mix, one of the mixers stopped
working, and the rest of the mixing was done with one mixer. Fortunately, at this stage, the
UHPC filled all the gaps around the web and under the flange. After the third mix and to
reduce the possibility of missing the second mixer, the mixes were done based on the
weight of 10 premix bags with a total volume of 101940 cm3. For the top part of the flange,
the UHPC was poured in the center to move radially and fill the formwork. When the
formwork filled, the exposed surface of UHPC was covered with the plastic sheet to keep
the moisture. The test specimen was cured in ambient laboratory conditions at a
temperature of 23 ± 2 ºC and humidity of 50 ± 5%. The process of casting is illustrated in
Figure 7-7.
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(a)

(b)

(c)

(d)

(e)
(f)
Figure 7-7 The process of pouring UHPC as (a) Placing the mix in buckets and transferring with a forklift;
(b) Pouring the UHPC from one end; (c) The elevation of UHPC at the end of the test specimen after the first
mix; (d) The height of UHPC at the other end of the test specimen after the first mix; (e) The elevation of
UHPC at the other end of the test specimen after the third mix; (f) Casting the top flange of the deck.

7.3.9

Quality Control, Sampling and Demolding Time

The rheology of the fresh UHPC was estimated by using ASTM C1437 [190]. In this test,
the fresh UHPC was poured inside of a brass cone mold place on the standard flow table
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with a diameter of 254 mm. The mold lifted straight up to allow the material to flow out
and set. Then the diameter of UHPC was measured along the four lines marked on the flow
table. The average of this measurement is called static flow. The flow table was manually
dropped 20 times from a 13 mm height, and the measurements were done again. The
average of this measurement is called the dynamic flow. The static flow and the dynamic
flow of the UHPC were measured 216 mm and 228 mm, respectively, which, based on
Table 7-1, the rheological properties of the mix are categorized as fluid.
Table 7-1 Rheological Property Measurement [8].
Spread Diameter after 20 Drops (mm)
< 200
200-250
>250

Mix Rheology
Stiff
Fluid
Highly Fluid

From each mix batch, two samplings were done by filling a plastic mold with a dimension
of 76 mm diameter and 152 mm tall. Also, from six batches, one sampling for the cube
mold with a dimension of 50 mm and one sampling for a dog bone mold with 76 mm
length, 25 mm thickness, and one square inch cross-section in the middle was done. The
fresh UHPC was poured with a spoon inside of the samples, and, based on the selfconsolidating behavior, no compacting was needed. At the end of sampling, the plastic cab
of the exposure surface of the samples was covered with the plastic, and they were kept in
the laboratory, Figure 7-7. The sample molds were removed after 48 hours of casting and
were cured in ambient laboratory conditions at a temperature of 23 ± 2 ºC and humidity of
50 ± 5%, respectively. The compressive test based on ASTM C39 [141] and ASTM C109
for the cylinder and cube samples will be conducted, respectively.
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(a)

(b)

(c)
(d)
Figure 7-8 The process of quality control: (a) Rheological property measurement; (b) Sampling process; (c)
Samples after demolding; (d) The final deck specimen.

A tensile test called the briquette tension test, based on AASHTO T132 [205], will also be
conducted for the dog bone sample. The deck specimen was demolding three days after
casting, and the surface was not covered with the plastic or the burlap, better simulating
the field case. At the time of writing this paper, the corrosion tests are running on the deck.
The corrosion tests are briefly explained below. It should be mentioned that in a real case,
the bridge deck would be open to the traffic after a few days.
7.4

Test Setup

The preliminary evaluation of test specimens is included structural and durability
performance. For each aspect, the specified test setup, as described in the following
sections, will be considered.
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7.4.1

Structural Test Setup

Flexure testing using four-point loading or Three-point loading will be used. Testing of the
specimen will be achieved by placing the beams over roller type supports and loading the
specimen using a single hydraulic jack, the force from the hydrolytic jack will be transfer
by a beam and two rollers to the test specimen. As shown in Figure 7-9, the Deflections of
the test specimens will be measured by using five linear string potentiometers Three string
pots will be located in the mid-span, and two string pots will be located at supports and
mid-span. The test specimen will be loaded until failure load and deflection, and the strain
of the reinforcements and strain of the concrete section in the mid-span will be observed
continuously during the test.

Concrete strain gage

Steel strain gages
String pots

(b)
(a)
Figure 7-9 Test set up: (a) Four-point test setup; (b) Location of instruments.

7.5

Summary and Conclusions

The concept of using UHPC shell for upgrading and protecting damaged infrastructures is
being investigated in this research. This thin UHPC shell can be cast in different shapes to
cover the damaged bridge elements to protect the system against severe environments and
also to increase the capacity of the system. In this study, a T-section deck is retrofitted
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using a reinforced thin layer of UHPC. A four-point loading setup is designed to be
conducted on the T-section deck to determine the behavior of the upgraded section. A
corrosion test is intended to check the effectiveness of the UHPC to decrease the rate of
corrosion and enhance the service life of the structure. The Structural performance of the
deck is evaluated with the numerical model. Based on this research, the following
conclusion is made:


The UHPC shell could successfully be cast around the damaged area with a
minimum thickness of 0.75 in (19 mm)



Based on the workability of the UHPC mix with 2% fiber the UHPC could
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CHAPTER 8 ULTRA-HIGH PERFORMANCE CONCRETE DURABILITY
INCLUDING MATERIAL LEVEL TEST AND LARGE SCALE TEST
8.1

Introduction

Ultra High-performance concrete is comprised of cementitious materials and shredded
fibers that allow for a high compressive strength greater than 126 MPa (18 ksi) and
enhanced

post-cracking

tensile

strength

greater

than

5MPa

(0.7

ksi)

[37],[38],[39],[40],[41]. In UHPC the higher cement factor, in comparison to normal
strength concrete (NSC) [42],[43], provides an enhancement of the material density and
strength[42],[44],[45],[46],[47],[48],[49] [50]. The low water-to-cement ratio (W/C) of
UHPC (typically less than 0.25) and also the partial replacement of a portion of the unhydrated cement with the pozzolanic components such as blast furnace slag, fly ash and
silica fume allows for the high compressive strength and low permeability [51], [52],
[53],[54],[55].
To improve the workability of the UHPC, superplasticizers are added to the mixture. Also,
adding the silica fume can increase the workability of the mixture as well as selfconsolidation[45],[46],[56],[57],[58],[59],[60].
The discontinuous pore structure of the low permeability UHPC reduces liquid ingress and
significantly enhances the durability of the material to chemical degradation, including
corrosion, compared to conventional concrete.
Researchers have identified the beneficial permeability characteristic of UHPC. Schmidt.et
al [207] and Techmann [208] identified lower porosity for UHPC in comparison to NSC .
They reported total porosity (%) of UHPC to be 1.5 to 6 compared to 14 to 20 for normal
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concrete. Techman [208] further identified smaller capillary pore content for UHPC
compared to NSC. The capillary pore (%)content was 1.5 for UHPC compared to 8for
NSC. The literature also showed that chloride ion transport is reduced in UHPC compared
to NSC. Schmidt.et al reported very low chloride ion diffusivity (m2/s) for UHPC in the
order of 2 x 10-14 compared to values in the range of 10-12 to 10-9 for NSC. Graybeal [37]
and Ahlborn [146] also compared UHPC to NSC by the standard test method for electrical
induction of concrete ability to resist chloride ion penetration, ASTM C1202 [209]. For
steam and air-cured specimens, Ahlborn [146] showed permeability less than 100
coulombs. Graybeal [37] investigated the chloride permeability based on different curing
conditions. He reported 360 and 76 Coulombs permeability for Untreated UHPC with the
age of 28 and 56. Also, for steam, tempered steam, and delayed stem specimens with the
age of 28 days, these numbers are reported as 18, 39, and 18, respectively.
Fibers in the form of steel, glass, and plastics are included in the concrete to increase its
structural integrity, decreasing brittle behavior, reducing cracking tendency, and improving
post cracking behavior [61]. The most common size of fibers is 13 mm (0.5 in.) in length
and 0.20 mm (0.008 in.) in diameter with a recommended ratio of typical 2% by volume
[37] ,[48],[58],[62].
The mechanical property of cement-based material such as UHPC is significantly affected
by the additions and distribution of the fibers. The distribution and orientation of the fibers
can be caused by different factors, such as the workability of the mix, fiber content
(volume) and method of casting, type and aspect ratio of the fiber, and how the fibers are
introduced during mixin. Kang [210] found that fiber orientation is affected by the direction
of the cast. Torrijos [211] showed fiber type, length, and casting methods significantly
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affected fiber orientation. Emdadi [212]showed that high fiber content decreases the UHPC
workability, subsequently causes a non-uniform fiber distribution.[61][213][214].
Recent research identified the effect of fiber distribution and orientation on UHPC
mechanical properties. Ferrara showed that non-uniform distribution of steel fibers in steelfiber reinforced concrete adversely affected the mechanical behavior of SFRC. Zhou [215]
correlated the tensile ductility of engineered cementitious composite (ECC) to different
steel fiber distribution. Kang [210] and Akacy [216] identified the effect of fiber orientation
on mechanical performance. For example, Akacy [216] stated that the vertical orientation
of fibers related to the bending direction enhances the flexural capacity. Similarly Kang
[210] identified the effect of fiber orientation on the ultimate flexural strength, although
there was a limited effect on the strength before the first cracking.
The fibers were also described to affect UHPC durability.khayat et.al considered the effect
of the fibers to facilitate the transport of charge by electronic transport through the
conductive fibers. He reported by increasing steel fiber from 0 to 2% the UHPC resistance
decreased by 40%. It was posited that fiber orientation could affect the transport of charge
not only by electronic transport through the fibers but also by the preferred orientation of
cement hydration grains and pores to facilitate ionic transport. The effect of fiber
orientation on UHPC resistance caused by the flow of casting, fiber addition, and fiber type
lacks at present.
The objective of this research is to evaluate the fiber orientation on the electrical
characteristic of UHPC by considering fiber presence and fiber type. To aim this goal,
different test specimens with different fiber orientations, contamination, and different fiber
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conductivity are cast. These first two recent parameters are so sensitive to the size of the
specimen, boundary condition as wall effect, workability of the mix, and volume of the
fibers [217].To evaluate the orientation and contaminant of fibers of Digital Image
processing (DIP) is implemented. The electrical property of each sample with the Electrical
Resistivity test (ER) and Electrochemical Impedance Spectroscopy Test (EIS) are
evaluated.
In the second section, the effect of UHPC shell as a protective shell to mitigate the
corrosion activity for the large scale T-Section (cast in chapter 7) is investigated. The main
purpose of this recent section is to check the durability productivity of the method faced to
complicated real case studies, including longitudinal and transversal rebar (different ratio
of the anode to cathode), contaminated and corroded rebar.
8.2

Material

The UHPC used is explained in section 2.2.1 before. The fiber used in this research includes
still fiber and fiberglass ones. The glass fiber used in this research was a commercial fiber
called PH-950 x chopped strands with the type of Alkali resistance glass with a length of
12.5 mm (0.5 inches). The density of the fiberglass was measured as 110 (Kg/m3) The steel
fiber used in this research was straight steel fiber with a length of 12.5 mm (0.5 inches) and
radius if of 0.1 mm (0.008 inches) and density of 156 (Kg/m3) provided by Ductile. The
steel fibers were braced coated, and the composition of its chemical elements is listed in
table 8-1. In this research, the metallic and glass fibers were used with the different
percentages in volume as 2% and 4%. The steel and glass fibers are shown in Figure.8-1a.
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Table 8-1 Steel fibers ingredients [37].
Elements
Aluminum
Chromium
Sulfur
Phosphorus
Silicon
Carbon
Manganese

8.3
8.3.1

Composition (%)
≤0.03
≤0.08
≤0.025
≤0.025
0.15-0.30
0.69-0.76
0.46-0.60

Material Level Testing Scale
Methods for Material Level Testing

The objective of this chapter is to evaluate the fiber orientation on the electrical
characteristic of UHPC by considering fiber contaminants and fiber type. To this goal,
different test specimens with different fiber orientations, contamination, and different fiber
conductivity are cast, and to control the orientation and contaminant of fibers, Digital
Image processing (DIP) is implemented. The electrical property of each sample with the
Electrical Resistivity test (ER) and Electrochemical Impedance Spectroscopy Test (EIS)
are evaluated.

8.3.1.1 Specimen Detail and Preparation for the Material Scale Study
For mixing the material, a pan mixer with 20 liter capacity and speed of the stirring shaft
of 195 (r/min) were used (Figure.8-1-b). For preparing the mix first, the premix was mixed
for 3 to 5 min; half of the superplasticizer (SP) was added to the premix with mixing water
gradually for an additional 15 min. The other half of the superplasticizer was added and
mixing around 2 to 3 min to change the dry mix to the wet past mixture. In this step, the
different types of fibers and dosage for each test specimens were added to the mixture
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gradually to create the uniform distribution of fibers. After adding the fibers, the paste was
mixed for an additional 6 min, and then it was ready to cast.
The specimens were cast with the dimension of square section 76 mm x 76 mm (3 in. x 3
in.) and length of 608 mm (24 in.). For better distribution of the fibers along the length and
align them parallel the length of test specimens, the form works were kept with 45 degrees
to the horizontal surface at the time of casting. The rheology of the fresh UHPC was
evaluated using ASTM C1437 (Figure 8-1-d). The results of the flowability test are listed
in table 8-1. Base on the results for specimens with glass fiber compared to the steel fiber
because of absorbing water of the mix by these types of fibers, the flowability showed a
trend. For comparison of the results with the mixtures with no fiber, two cube specimens
with the dimension of 76 x76x 76 mm (3x3x3 inches) were cast too (Figure 8-1-e). After
casting the test specimens, some tests were done on the total length, and some tests were
done when the length of the specimen was reduced 76 mm (3 inches) gradually. (Figure 81-f). The direction of casting and the cuts are shown in Figure 8-1-g. After the cut surface
of UHPC sections were ground (Figure 8-1-h). To investigate the durability of the
specimens the test specimens after cast and cut were kept in the moist-cured condition in
the laboratory (Figure 8-1-i)

Table 8-2 The rheology property of different mixes.
Specimen
Steel Fiber 4%
Steel Fiber 2%
Glass Fiber 4%
Glass Fiber 2%

Static Flow
198 mm (7.8 in)
218 mm (8.6 in)
90 mm
100 mm
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Dynamic Flow
220 mm (8.7 in)
241mm(9.5 in)
-

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 8-1 Test specimens preparations (a) Fibers, (b) Mixing process (c) Casting Process, (d) Flowability,
(e) Reference specimen, (f) cutting process, (g) cast and cut directions, (h) UHPC surface after grinding (i)
curing condition.

8.3.1.2 Digital Image Processing (DIM) for Material Test Study
To investigate the fiber distribution quantitative in the length of the test specimen, the DIM
method was used. For each test specimen, three-section in the middle and 76 mm (3 inches)
far from each end in parallel direction were chosen (Figure 8-2-a). The cut specimens were
heated in the oven for 30 min with the average temperature of 150 ºC (302 ºF) and were
rest 5 min in the ambient laboratory conditions at a temperature of 23 ± 2 ºC (74 ± 3 ºF) to
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create differential temperature between fibers and premix. In this step, a thermal infrared
camera with a commercial brand of Filer System AB was used (Figure 8-2-c). To mitigate
the wall effect, the prepared images were cropped from the size of 76 mm x 76 mm (3 in x
3 in) to the size of 38 mm x 38 mm (1.5 in x 1.5 in) (Figure 2-d). After preparing the images,
the image analysis numerically in MATLAB software by as described next. First, the
contrast filter was applied to the images to better distinguishing the fibers from the premix
[163] (Figure 8-2-e). To increase the accuracy of analysis, the enhanced images were
subdivided to 16 equal size images. To ease of analysis, the divided images were changed
from RGB format to the gray-scale images with pixel intensity between 0 to 225 (Figure
8-2-f).In this step, the threshold filter was applied to the images to change the image to the
black and white format with the pixel intensity between 0 to 1 [164] (Figure 8-2-g). After
preparing the black and white images base on the size of the total white pixels, the total
area of the fibers was calculated (Chapter 5). To calculate the distribution of the fibers, the
density (𝜌) of the fibers was measured by using equation 8-1.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 8-2 DIM method (a) Cross sections used for analysis, (b) The specimen with 4% fiberglass, (c) The
image from infrared camera, (d) The cropped image section, (e) The RGB image transferred to the MATLAB,
(f) The enhanced image, (g) Segmentation of enhanced image, (h) Gray-scale image, (i) The blacked and
white image.
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑓𝑖𝑏𝑒𝑟𝑠

𝐹𝑖𝑏𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦(𝜌) = 𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛

(8-1)

The fiber orientation can be defined by the angle made between the normal direction to the
cutting section and fiber axis (𝜶) illustrated in Figure.8-3 with using eq.8-2.and a fiber
orientation coefficient(𝜸)is defined based on eq.8-3.based on defined equation 𝜸 can
change between 0 and 1 while the fibers are aligned parallel or align perpendicular to the
cross-section [218],[210].
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Cut cross section plan
a

D

H

α

a-a

α
a

Figure 8-3 Fiber inclined angel illustration
𝐷

𝛼 = 𝑎𝑟𝑐𝑐𝑜𝑠(𝐻)

𝛼

𝛾 = ∫𝛼 𝑚𝑎𝑥 𝑝𝛼 𝑐𝑜𝑠 2 𝛼𝑑𝛼
𝑚𝑖𝑛

(8-2)

(8-3)

Which 𝑝𝛼 shows the probability distribution of fiber for fibers with angel 𝛼.[210].
8.3.1.3 Electrical Resistivity for Material Test Study
The electrical resistivity of concrete is its capability to resist the movement of ion applied
by an electrical field. So, the electrical resistivity is an inherent characteristic of the material
and is dependent on the concrete porosity, moisture content, concrete temperature, and of
the geometry of the sample. In terms of porosity, it is mostly dependents on the
microstructure properties of concrete, such as pore size and tortuosity. There are two main
techniques available for concrete electrical resistivity measurement, well known as a twopoint and four-point uniaxial test. The two-point technique is used for concrete bulk
resistivity measurement, and a four-point technique is used for surface electrical resistivity.
The principal behind the resistivity measurement techniques is mostly the quantification of
conductive properties of the microstructure of concrete. Overall, the electrical resistivity
of concrete can be described as the ability of concrete to withstand the transfer of ions
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subjected to an electrical field. Two-point resistance measurements utilizing a soil
resistance meter were done to calculate the concrete bulk resistivity. The two-point
technique passes current through the bulk of concrete, and the resistance is measured as an
average of the entire bulk concrete between the two electrodes. After 3 days of casting,
formworks were removed, and resistivity measurements were done on the total length of
the samples. Then samples were cut into each 76 mm (3 in) sections, and with the reduction
of length, resistivity measurements were taken. After cutting each sample into 76 mm (3
in) sections, sectional samples 76 mm x 76 mm (3 in x 3 in) were stored into a glass
chamber maintained 100% RH. After 28 & 56 days of exposure, samples were taken out
of the glass chamber for resistivity measurements. Measurements were done along the
length by connecting the 76 mm (3 in) sections with the help of a wet sponge (Figure8-4).
The resistance measurements were corrected afterward by deducting the resistance of
added sponge. All concrete samples were surfaced dried with a towel prior to testing. Two
parallel electrodes (stainless-steel plates) were placed on the concrete surface with a moist
sponge in between in a test array that was confined with a clamp, as shown in Figure 8-4.
Excess free moisture was avoided to prevent possible preferential charges through the outer
surface of the concrete.

(a)
(b)
Figure 8-4 Resistance Measure of the Samples Segmental (a) Section, (b) Sections Connected by Sponge.
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The concrete bulk resistivity was calculated based on Equation 8-4,
𝐴

𝑟 =𝑅𝐿

(8-4)

where r is the resistivity of the concrete (Ω.m), R is the resistance (Ω), A is the crosssectional area of the samples 5800 mm2 (9 in2), and L is the length of sample 76 mm to 610
mm (3 in).

Figure 8-5 EIS measurement of each sectional sample.

The analysis of concrete through EIS is based on the electrical characteristics of its
components, where anhydrate and hydrate cement solid and aggregate are considered
electrically isolated. Hence, the only conducting path is through the pore solution in
capillary and gel pores. Traditionally, concrete is considered an electrically uniform
system, and an equivalent circuit, as shown in Figure 8-6, is usually used to analyze the
impedance spectrum. Where Ru represents the resistance of the bulk solution, CPEc and
Rpo represent the capacitance and resistance of the UHPC matrix, and CPEdl and Rct are the
double-layer capacitance and charge transfer resistance at the electrolyte-steel electrode
interface. The total impedance can be represented by equation 8-5.
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𝑍 = 𝑅𝑢 +

Imaginary Part (ohm)

Bulk Concrete Resistance
Rpo

1
𝑌𝑜𝑐

(𝑗𝜔)𝑛𝑐 +

1
𝑅𝑝𝑜

+

1
𝑌𝑜𝑑𝑙 (𝑗𝜔)𝑛𝑑𝑙 +

1
𝑅𝑐𝑡

(8-5)

Rpo

Electrode Effect
Rct

Ru
CPEc

Bulk Concrete Resistance

CPEc

CPEdl

Bulk Concrete Resistance
Electrode Effect

Real Part (ohm)

(b)
(a)
Figure 8-6 Schematic of impedance spectrum with conventional electrical equivalent circuit (a) Total
Circuit, (b) Simplified Circuit.

Literature reported that Ru is supposed to be zero or close to zero. Thus, it can be neglected.
In the Nyquist plot, Rct and CPEdl represent electrode effect corresponding to Lowfrequency loop, and for concrete, this part can also be neglected. Consequently, the
equivalent circuit in Figure 6-6 (a) can be represented by a simplified circuit Figure 6-6
(b).
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8.3.2

Experimental Results for Material Level Testing

8.3.2.1 Digital Image Processing Results
Figure 7 shows the concrete section profiles for the steel fiber cast specimens. It was
evident that the steel fiber orientation was generally aligned parallel to the cast direction,
as evident by the minimal transverse cross-section of each fiber. After the digital image
processing to delineate the fiber periphery, the fiber population density, ρ, and orientation,
γ values for each cut concrete section face was calculated using Equation 8-1 and 8-3,
respectively. Table 8-2 lists the average ρ and γ for each section.
As expected, the calculated fiber density ρ on each section profile for the UHPC mix with
4% fiber was higher than the UHPC with 2% fiber. The average ρ values for the profiles at
specimen mid-length were 0.45 and 0.35 for the 4% and 2% UHPC mix, respectively.
Furthermore, the average fiber orientation coefficient γ was greater than 0.7 for all profiles,
consistent with the visual observation of the parallel alignment of the fibers for both the
4% and 2% UHPC mixes.
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As presented earlier in Table 8-2, it was evident that the fiber content had an effect on the
UHPC rheology. The flow test results confirmed that the UHPC pre-mix and the fiber
components were well mixed for all test specimens. The workability of the UHPC with the
higher fiber content was lower than the UHPC with the lower fiber content. This is due to
the higher overall friction between the fiber and the cement matrix during the casting with
the larger fiber population [219][220]. Research in the literature attests to this effect of the
fiber content and geometry on the workability of fiber-reinforced concrete. This effect by
the fiber content was manifested by the trends of the average calculated ρ values along the
specimen length. For example, the 4% UHPC mix (with the lower workability) generally
had uniform fiber distribution along the entire specimen length (ρ ~0.35-0.45); whereas,
the 2% UHPC mix (with higher workability) showed a major drop in ρ from 0.3-0.35 (at
12 and 21 inches from the casting point) down to <0.1 (at 3 inches from the casting point).
Furthermore, the observed fiber segregation for the 2%-fiber UHPC mix allowed for the
aggregation of the fibers downstream, consistent with the lower but similar calculated ρ
values (i.e. ρ~0.3-0.45) relative to the 4%-fiber UHPC mix at sections 1 and 2.
The results show an indication that the UHPC mix with higher workability allows for
better-aligned fibers in the direction of casting. Specimens with 2% fiber showed γ values
(0.8-0.91) generally higher than the specimens with 4% fiber (0.74-0.81). For the
specimens with the glass fiber because of the lightweight of the fibers and more cohesive
bond, the fibers are oriented randomly, which results in a more uniform distribution of the
fibers.
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Table 8-3 Fiber distribution and orientation along the length. *
Specimen
Steel Fiber 4%
Steel Fiber 2%

Section 1
𝜌
0.4
0.3

Section 2
𝜌
𝛾
0.45
0.81
0.35
0.84

𝛾
0.78
0.8

Section 3
𝜌
𝛾
0. 35
0.74
0.06
0.91

Glass Fiber 4%2
Glass Fiber 2%2
*Average values calculated from measured values for each profile subdivision. Glass fibers were not well
distributed. ρ and γ were not calculated.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 8-7 Fiber distribution and orientation (a) Steel fiber 4% section 3(top), (b) Steel fiber 4% section 2
(middle), (c) Steel fiber 4% section 1(bottom), (d) Steel fiber 2% section 3 (top), (e) Steel fiber 2% section
2(middle), (f) Steel fiber 2% section 1(bottom).

8.3.2.2 Resistance Test Results
Figure 8-8 shows the bulk resistance of the UHPC samples with 2% and 4% fibers along
different lengths with exposure duration. As expected, sample resistance reduced with the
reduction in length and increased with exposure time due to hydration of the cementitious
material by internal moisture presence as well as 100% RH presence in the glass chamber.
The same trend was observed for both fiber materials with different fiber percentages.
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Samples with 2% steel fiber showed slightly higher resistance than samples with 4% fiber.
Relatively higher bulk resistivity of the samples with 2% fiber poses apparently due to the
higher cement content and low internal moisture content due to its low tortuosity. Samples
with glass fiber showed a difference in between 2% and 4% fiber sample apparently due to
differences in early cement hydration, which apparently become similar to time. No
difference observed between the two different percentages. In order for the researcher to
identify the influence of fiber orientation, resistance measurements were done by adding
the sectional samples in the direction perpendicular to casting. As shown in Figure.6-9, the
orientation of fiber influences the UHPC samples with steel fiber as resistance is higher for
the perpendicular direction compared to the parallel direction of sample casting. The
difference is significant with the amount of fiber presence for the uneven distribution of
the fiber along the length of the samples due to the imposed 45° sample casting angle, as
can be seen for the sample of UHPC with 2% steel fiber. For the samples with glass fiber
comparative higher resistance observed than the samples with UHPC with steel fiber but
the influence of fiber, orientation was not observed. Also, the amount of fiber presence was
not a contributing factor for considerable change in resistance.

100000

Resistance / ohm

Resistance / ohm

100000

10000

1000

4% S Fiber D-3
4% S Fiber D-56
4% S Fiber D-28

4% S Fiber D-28
2% S Fiber D-3
2% S Fiber D-56

10000

1000
4% G Fiber D-3
2% G Fiber D-3

4% G Fiber D-28
2% G Fiber D-28

100

100
0

200
400
600
Sample Length / mm

0

800

200
400
600
Sample Length / mm

(a)
(b)
Figure 8-8 Bulk Resistance of Samples along the Length, (a) steel Fiber, (b) glass fiber.
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Figure 8-9 Difference in Bulk Resistance Due to Fiber Orientation.

Figure 8-10 represents the resistivity data for the UHPC samples with both types of fiber
as well as with both fiber percentages at 28 days. UHPC sample without fiber is used to
compare the effect of fiber on the concrete resistivity. As can be seen in Figure 8-10, UHPC
without fiber showed bulk resistivity up to an order of magnitude larger than the samples
with fiber, consistent with its higher cement contents and relatively low internal moisture
content due to its low permeability. For both types of samples, UHPC without fiber and
with glass fiber didn’t show the difference in resistivity measurement in the parallel and
perpendicular direction of casting, but the difference was observed for the samples with
steel fiber. This differentiation is apparently due to the property of fiber material as steel
fiber is conductive in nature. The conductive nature of steel fiber is increasing the
permeability by facilitating the tortuosity of the internal pore spaces for ionic movement.
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Figure 8-10 The difference in Resistivity Due to Fiber Property.

8.3.2.3 Electrochemical Impedance Spectroscopy Test Results
Electrochemical impedance is conquered by applying an AC potential to the samples and
then measuring the current at a different frequency. The ratio between the applied potential
and measured current defines the electrochemical impedance, which can be used to detect
the changes of UHPC matrix resistance, and the charge transfer resistance of the steel plate
used as the reference electrode. Figure.8-11 shows the Nyquist diagrams of the sectional
samples 76 mm x 76 mm x 76 mm (3 in x 3in x 3 in) with different types of fiber.
Impedance measurements were taken for all the samples in the direction parallel to the
casting also to the perpendicular direction. In the Nyquist plot, the x-axis is the real part of
the impedance, and the y-axis is the imaginary part of the impedance.
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Figure 8-11 Nyquist Diagram of the UHPC Samples with Different Percentage of Fiber. (P represents data
perpendicular to the casting direction)

Overall, the spectra of all the specimens are similar despite the different fiber type and fiber
content in the specimens. Two capacitive loops are clearly identified in the Nyquist
Diagram, in the high-frequency range (>104 Hz), and low-frequency range (104-1 Hz). The
first loop in the high-frequency range is associated with the dielectric properties, and the
radii of the semi-arcs showed a gradually increasing trend, indicating the increase of the
resistance of the UHPC matrix. The second loop in the low-frequency range is attributed
to the charge transfer resistance at the steel-electrolyte interface. In the impedance spectra,
the Marker points represent experimental data, while the solid lines are the fitting curves
by the equivalent electric circuit model, as shown in Figure. 8-10. This model was used to
determine the electrochemical behaviors of the fiber-reinforced UHPC matrix and steelelectrolyte interface. Constant phase element CPE was introduced to replace the pure
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capacitor due to the non-homogeneity of the UHPC-Fiber system. CPEC takes into
account the irregular composition distribution in the UHPC matrix, and CPEdl accounted
for the non-uniform distribution of potential over the steel plate. A CPE is defined as,
ZCPE = Y−1(jω)-n where Y is a parameter that is proportionate to the capacitance of the
pure capacitor, j is the imaginary unit, ω is the angular frequency in rad/s, and n is an index
that represents the deviation from a pure capacitor. As can be seen, differences observed
in the Nyquist loop radii due to the fiber percentage and orientation.
From the analysis. Data represents for each percentage of fiber at three different locations
along the length. At the top, middle, and bottom the samples along the casting length. It
was expected to have differences in fiber percentage along the length of the sample due to
the settlement of the fiber for the casting at 45°. As can be seen, a significant difference
observed between the samples with and without fiber. The pore resistance of the samples
without fiber is much greater than the samples with fibers. Again, the pore resistance of
the samples with glass fiber is higher than the samples with steel fiber. The smaller pore
resistance of the samples with fiber apparently due to the connected pore network in the
UHPC matrix by the presence and percentage of fiber. The comparative smaller resistance
of the UHPC with steel fiber than glass fiber is apparently due to the conductive and stiff
nature of the steel fibers, which facilitates the connectivity of the internal capillary pores.
Also, the difference was observed for the presence of fiber percentage. The pore resistance
was greater for the samples with a higher percentage of fiber. There was apparently no
difference observed for the samples in casting and perpendicular direction with glass fiber
and samples without fiber. However, the samples with steel fiber exhibit a difference in the
direction and also along the length. The higher presence of fiber with orientation along the
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direction of casting lowers the resistance due to the connectivity of the internal capillary
pores, which is facilitated by the steel fiber. Figure 8-12 illustrates the pore resistance of
each test specimen in age 28 days.

Figure 8-12 Represents the Pore Resistance of the samples obtained as equivalent circuit elements

8.4
8.4.1

Large Scale Testing
Methods for large Scale Testing

In this section, to evaluate the performance of the UHPC shell on protecting the retrofitted
section in front of the corrosion activity, the large scale T-section cast in chapter 7 as the
case study used. In the following section, the method used to create the corrosion activity
is the retrofitted and not retrofitted section is explained. To evaluate the durability
performance of the protective shell, the half-cell test and current conductivity test were
used.
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8.4.1.1 Specimen Detail and Preparation for the Large Scale Study
The process of casting the large scale T-section specimen is comprehensively explained in
chapter 7. In this section, the test specimen preparation for the durability is explained. As
was mentioned in the introduction for the large scale test, the productivity of the protective
shell in front of corrosion activity is evaluated. To aim this goal first, two transversal ∅10
reinforcements were placed in a water pool with a salt density of 5%. The reinforcements
were attached to the voltmeter to pass the current to expedite the corrosion process. After
removing the reinforcement, the area loss of the reinforcement was measured. This area
loss was measured from 0% to 80% in 127 mm of the reinforcement length in the middle.
The corroded reinforcements were added to each end side of the deck. For measuring the
corrosion rate inside of the UHPC shell, all of the added transversal and longitudinal
reinforcements were isolated from the core and each other. This isolation would provide
an opportunity to measure the corrosion rate with different ratio of anode and cathode.
After detaching the reinforcement at the end of the deck, the stainless mechanical
connectors for reading the corrosion were installed for each reinforcement. After this stage,
a regular concrete was cast using ready-mix concrete with the nominal comprehensive
strength of 31 KN, and the regular concrete was cast in the half of the width of the damaged
deck with a dimension of 571 x 508 x 64 mm one week before casting the UHPC. After
casting this part, for the rest, the half-width of the deck, the same mix concrete with an 8%
salt ratio to the cement, was cast with dimensions of 571 x 508 x 64 mm five days before
casting the UHPC shell. The detail of specimen preparation for the corrosion tests is
illustrated in Figure 8-13. After casting the UHPC layer, the half-cell corrosion testing
based on the ASTM method, C876, will be conducted [221].
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(a)

(b)

(c)

(d)
Connectors
4∅10 S100

572 mm

508 mm

12∅10 S200

(f)
(e)
Figure 8-13 The process of corrosion measurement: (a) The test set up for corroding the reinforcements; (b)
The corroded reinforcements; (c) Attaching stainless connectors; (d) Casting the NC in the half-width of the
deck; (e) Casting contaminant concrete in another half-width of the deck; (f) The location of reading
connectors in the plan.
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8.4.1.2 Half-Cell Potential
Corrosion testing using half–cell potential measurement is used based on the ASTM-C876
standard to measure the corrosion activity of the steel reinforcement. Copper-copper
Sulfate Electrode (CSE) is used to reference the measurement of the corrosion activity. For
the test, an electrical connection is made between the reference electrode and the negative
terminal of a high impedance voltmeter and between the reinforcement steel (working
electrode) and the positive terminal of the voltmeter. Half-cell potential reading in multiple
locations of the reinforcements is evaluated to identify the corrosion activity. In this
experimental study, 6 inches maximum distance is chosen for the potential mapping of the
4 feet wide deck (4 ft).
Based on ASTM C876, if the reinforcement potential is less than -0.35 V (CSE), the
probability of having corrosion activity is close to 95 percent and when the potential is
between -0.20 and -0.35V (CSE) the corrosion is in the uncertain stage. Previous research
on laboratory slabs showed active corrosion activity when the potential was less than -0.25
V (CSE), and no corrosion activity detected when the potential was greater than -0.25 V
(CSE) [221]
If sufficient readings are taken on a grid pattern (half-cell corrosion mapping), a contour
map can be prepared, which can show the different locations of the deck with the highest
probability of corrosion activity.
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(c)
Figure 8-14 Durability test: (a) The half-cell test stop; (b) The pattern of reading for half-cell test;(C)
measuring the voltage on the top flange overlay.

8.4.1.3 Macro-Cell Current Density
To investigate the effectiveness of UHPC shell as a barrier to mitigate local corrosion,
macro-cell activity between corroded rebar in the normal concrete section as the anode and
encapsulated rebar in UHPC section, as well as the rebar embedded in the core (damaged
normal concrete section), was measured. To aim this goal, the rebars in the anode and
cathode sections were internally separated by using isolators Figure (8-13-c) externally
connected by external wires using an electrical switch box (Figure 8-15-a, Figure 8-15-a).
The electrical switch box allowed to connect two transverse rebars in the concrete section
separately to the damaged core section. It also allowed coupling and decoupling of two
other transversal rebars in the concrete section to the different number of transversal rebar
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(cathode) in the UHPC section. This macro-cell current density measurement helped to
identify the local corrosion activity based on the different cathode to anode ratio

(a)
(b)
Figure 8-15 Microcell current measurement:(a) external wires for connecting rebar (b) the electrical switch
box.

8.4.2

Experimental Test Result for the Durability of Large Scale Test

8.4.2.1 Half-cell and Macro-cell Current Density Measurement Test Results
All the measurements were done in the ambient laboratory condition for a period of 250
days. Before the half-cell potential reading, all external connections of the top deck
transversal rebar were decoupled by turning off the switches. For the macro-cell current
reading, the system was kept off for at least 12 hours before. During the macro-cell current
measurement with different cathode to anode ratio, all external coupling of the top
longitudinal rebars were also kept off. Figure 8-16 and 8-17 shows the results of
measurement in different time periods.
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Figure 8-16 Half-cell potential map on deck surface based on different periods.

The active corrosion potential was not identified along with the test duration in the entire
length of the deck retrofitted with UHPC. General increment observed in corrosion
potential up to 56 days after cast. After 56 days, the potential decreased significantly. The
reason for this phenomenon can be explaining as the availability of concrete moisture at
the beginning; therefore, the layer was able to transfer ionic charge along with the concrete
layer from cathode to anode site. However, along the time with the hydration process, the
presence of moisture decreased, and also the resistivity of the concrete increased. As a
result, charge transfer also decreased due to the formation of hydration products, which
fills the concrete microspores, which eventually hinders the ionic movement of the
electrons.

171

Current density i (μA/( cm2 )

0.00025

0.0002
C/A=8

0.00015

C/A=4
C/A=2

0.0001

C/A=1
C/A=0.5

0.00005

Core-C/A=44

0
0

100

200

300

Days

Figure 8-17 Potential of Microcell Current between repair embedded in repair and unrepair section based
on different Cathode-to anode (c/a) ratio in the different time periods.

The result from macro-cell current development shows an increase in macro-cell current
till day 36. Also, it shows an increment in the cathode to anode ratio (C/A) increases the
macro-cell current development. After 36 days, the current density started to decrease, and
the drop was significant after 100 days. The result shows after 100 days, the ratio of the
cathode to anode didn’t cause any noticeable change in the macro-cell current development
rather than the effect by time interval. At day 250, the current density measurement (i=7
E-6 ~ 1 E-5) showed almost no sign of local macro-cell development. The result of this
testing is an indication of the effectiveness of stopping corrosion activity by chopping the
system with a thin layer of UHPC.

8.5

Discussion

The result shows the method of casting can have a significant influence on fiber distribution
and orientation. This fiber orientation can have a substantial roll in transferring the current
ions in UHPC bulk. The results show as the length of the UHPC sample increased, the
resistivity of the UHPC bulk increased approximately linearly confirming the ohm law.
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The reason for not having a perfect liner performance can be explained by having a nonuniform distribution of fibers in the length of specimens. The results show the resistivity
of the UHPC increased significantly at the beginning of casting till day 28 and increased
smoothly from day 28 to day 56. The reason for this increase is the ongoing hydration
process and pozzolanic reactions that block the ionic path, due to the decrease in this trend
from day 28 to 56 the bulk resistance didn’t increase sharply too [222],[223],[224][225].
Also, it can be concluded that by increasing the steel fiber content, the resistivity of bulk
decreasing proportionally Compared to 0 fiber specimen. It can be explained as for
specimen with conductive steel fibers. The current has the tendency to path from electrical
path compared to an ionic path through the prose. The exit of fibers can make bridges in
UHPC bulk to path the current (Figure .8-18) [222]. As the fibers are more oriented parallel
to the current direction, the effectiveness of them to decrease the resistivity increased due
to a shorter path. By increasing the number of fibers in the section and increasing the
probability of having more electrical paths, the effect of fiber orientation decreased.
Because of a more uniform orientation distribution of fiberglass specimens, negligible
differences in measuring resistance parallel and perpendicular to the section were observed.
By comparing the 0 fiber specimen compared to the Fiberglass, it can be concluded that
may this type of fiber can create a gel pores as an ionic path to move the current.
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Ionic Flow

Electronic Flow

Current Direction

Casting Direction

Ionic Flow

(a)
(b)
Figure 8-18 Current flow between UHPC pores:(a) UHPC without fiber, (b) UHPC with fibers

Although from the material test, it was shown that the fibers could have an active role in
the durability of the UHPC, still because of blocking the ionic path based on the hydration
of UHPC, the UHPC shell can be used as an effective barrier in front of corrosion activity.
From the large scale, the test result can be concluded that encapsulating the corroded rebar
with UHPC can stop any corrosion activity in less than 26 days. Also For large scale test
if just some portion of the bridge be retrofitted, and some part including contaminated
concrete or corroded rebar be left UHPC shell by creating a barrier between anodes and
cathodes can mitigate corrosion activity,

8.6

Summary and Conclusions

In this research, the effect of fiber contamination, orientation, and conductivity on the
resistivity of UHPC bulk was investigated. Based on DIM, ER, and EIS test results, the
below conclusion can be made:


Fiber orientation and contamination can be a function of flow casting, which can
affect the durability of UHPC bulk.
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The resistance of UHPC after casting increased sharply from day 3 to 28 as more
pores (ionic path) was blocked by the hydration process. The acceleration of
increasing resistance decreased from day 28 to 56, as the speed of hydration
decreased.



On day 28 the resistivity of UHPC with 2%, 4% steel fiber parallel to the direction
of casting was measured 3.7% and 3.4% of UHPC bulk without fiber, this result for
the direction perpendicular to the casting was estimated 15% and 8%.the difference
is related to creating more electrical pass by the fibers in the direction of the cast.



The effect of fiber orientation was measured more effectively on bulk resistance
than the contamination of fibers.



The resistivity result for the UHPC with 2% and 4% fiberglass was measured 15%
and 24% compared to the UHPC without fiber in the direction of casting. This result
did not show any significant difference in the direction perpendicular to the cast
due to the more uniform distribution of this type of fibers. Based on the nounconductivity of this type of fibers, it seems day helped to create more ionic path
compared to UHPC without fiber.



Based on the low permeability of UHPC and low water ratio, the UHPC shell could
successfully stop the active corrosion in the section covered with UHPC.



The UHPC shell, by blocking the ionic path between anode and cathodes
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CHAPTER 9

EVALUATION

OF

PROPOSED

METHODE

(RECOMMENDATION AND GUIDELINE)
The purpose of this chapter is to evaluate the proposed method and providing a simplified
design equation and a simple guideline. In this chapter, first based on the numerical models
proposed for UHPC material and the interface in chapter 6, The behavior of the retrofitted
beams illustrated in chapter 2 is simulated. After validating the results, this numerical tool
is used as a practical tool to predict the behavior of the large scale T-girder section to
highlight the structural performance of the retrofitted section compared to the damaged
section.
Also, an adopted simplified uniaxial stress-strain behavior for predicting the flexural
capacity of the retrofitted section is provided. Moreover, an analytical equation for
predicting the shear demand between NSC substrate and UHPC layer for the beams
retrofitted in chapter 2 is developed. To validate the accuracy of the proposed equations
the experimental tests from chapter 2 are analysis, and their results are compared with the
interface shear capacity (Chapter 3 and 4). In the end based on overall outcome of previous
chapters the recommendations as a guideline for retrofitting the damaged flexural members
is suggested.
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9.1

Evaluation of Proposed Numerical Model

For modeling the beams, the ATENA finite element model is used. The material calibrated
in chapter 6 was used for normal concrete and UHPC. In Figure 9-1, the finite element
results for SM2-24-0.75 as the most complicated model in this series of the test is
illustrated.

SM2-24-0.75
Specimen G

(a)

(b)

(c)

(d)

(e)
Figure 9-1 Finite element model SM2-24-0.75:(a) experimental test,(b) Von Misses stresses and crack
pattern,(c) reinforcement stresses,(d) strain and crack pattern of Normal concrete hole length,(e) crack
patterns and Von Missess stress on, the normal concrete surface attaches to the UHPC shell.
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For these series of test, the transversal and longitudinal reinforcement with a bilinear
behavior model Figure 9-2.
150

(0.09.115)

100

50

(0.0023.68)

0
-0.1

-50

0

0.1

-100
-150

Figure 9-2 Reinforcement stress-strain

For SM1 and SM2 the mechanical connectors as chapter 4 were model solid steel. In
Figure, 9-3 load displacement of selected finite element models with the experimental tests
is compared.
30
25

Load (Kips)

20
15

Reference

10

CD1

FE-Reference

5

FE-CD1

0

0

1

2
Displacment (in)

3

4

5

Figure 9-3 Load displacement comparison between experimental tests and FE models.
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The results showed good agreement between Experimental results and FE models which
showed the FE models could be used to predict the behavior of structures using UHPC.
9.2

Predicting Structural Performance of Large Scale T-section Specimen Based on
Numerical Analysis

After evaluating the proposed numerical analysis method and parameters, this approach is
used to predict the behavior of The large big T-Section beam under the 3-point test, Figure
9-4 a. Figure 9-4 b showed the strain in the normal concrete; based on this result crushing
the concrete in compression zoon would be achieved. In Figure 9-4 c the stress of rebar is
illustrated; based on this result, yielding of tensile reinforcement would be achieved too.

(a)

(b)

(c)

(d)
Figure 9-4 Numerical results for large big T-section deck: (a) load setup,(b) Normal concrete Strain,(c)
normal concrete reinforcement stress,(d) Shear stresses on the normal concrete surface next to the UHPC
shell.
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In Figure 9-4 d the shear stress between Normal concrete and the UHPC is calculated based
on the numerical model, the shear stress demand is less than 400 psi. For the large Tsection, the roughness of concrete based on the average amount calculated from chapter 5
is calculated, at the end the capacity based on the proposed equation in chapter 2 is
calculated and compared to the demand. Figure 9-5 shortly shows the calculation process
for the designer based on the proposed numerical models.

Figure 9-5 Steps needed for the comparison between demand and capacity based on numerical analysis.

Based on the calculation illustrated in Figure 9-5 the interface capacity is calculated as 790
psi, and even without considering the mechanical connectors, no deboning based on the
point testing would be expected.
9.3
9.3.1

The Analytical Method for Calculation of Shear Interface Demand
Theory

For proposing an equation for ultimate shear transfer between normal concrete as the
substrate and UHPC layer as the retrofitting overlay, the beams retrofitted in chapter 2 are
chosen. It is assumed that the shear caused in the interface layer is developed based on the
difference in the moment gradient in the length of UHPC. Figure 9-6 illustrates the moment
gradient in the length of the retrofitted beam by emphasizing the moment amount in the
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center 𝑀𝑢1 and the beginning of the retrofitted section 𝑀𝑢2 based on the applied load test
setup.

ℎ𝑒𝑙𝑙

P

ℎ𝑒𝑙𝑙
ℎ𝑒𝑙𝑙/2

𝑀𝑢1 =

𝑥𝑙

𝐿

𝑀𝑢2 = 2 𝑥 (2 -

𝐿 ℎ𝑒𝑙𝑙
)
2

Figure 9-6 Moment gradient in the entire length of retrofitted beam.

After calculating the moment based on the peak applied load, the interface shear by
adopting AASHTO-LRFD section C5.7.4.5 can be calculated. It should be highlighted that
The purpose of the design is considering no bond failure between the shell and substrate
till failure of the beam by crushing the normal concrete in the compression section. As in
the ultimate stage, the normal concrete is cracked in section zoon. This section would not
be able to participate in resisting the external interface shear. Figure 9-7 illiterate the
section in the ultimate stage, including the external moment
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Figure 9-7 Section in Ultimate Stage Participating Shear Resistance.

𝑀𝑢 : Ultimate Moment applied to the section,
𝐶𝑢 : Ultimate Compression force applied to the section,
𝑇𝑢 : Ultimate Tension force applied to the section,
𝑐: neutral axis,
𝑑𝑣 : The distance between the center of compression block and tension zoon
𝜏𝑢(𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 ) : The ultimate interface shear stress
𝐶𝑢(𝑈𝐻

𝐶) :

Ultimate Compression force applied to the UHPC,

𝐶𝑢(𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒) : Ultimate Compression force applied to the UHPC,
Notation 1 is related to the above parameters amount in section 1 located in the center of
the beam, and notation 2 is related the above parameters amount in section 2 located to
start of retrofitted section (Figure 9-6)
As it was explained before, based on the tension cracks of the normal concrete in the
tension zoon, just the compression section of normal concrete will resist the external
interface shear. This interface shear is develop based on the difference in moment gradient
in the length of the beam. This difference in moment amount create a difference in

182

compression force applied to the compression section in the middle of the beam, 𝐶𝑢1
(section 1), compared to the beginning of retrofitting shell section 𝐶𝑢2 ( section 2).The
difference between compression force can be calculated from equation 9-1:
𝑀

𝐶𝑢1 -𝐶𝑢2 =( 𝑑𝑢1 𝑣1

𝑀𝑢2
𝑑𝑣2

)

(9-1)

The compression force can be divided as the force applied to the shell and normal concrete,
equation 9-2:
𝐶𝑢 =𝐶𝑢ℎ𝑝𝑐 + 𝐶𝑐𝑜𝑛𝑐𝑒𝑟𝑒

(9-2)

The difference between the compression force applied to the shell and normal concrete can
create sliding the shell and can be called the source of applied stress in the interface layer,
by writing a load equilibrium for section 1 and 2 the shear stress can be calculated as below:
′
𝐶𝑢(𝑢ℎ𝑝𝑐)=
𝐶𝑢1𝑈𝐻

𝐶− 𝐶𝑢2𝑈𝐻 𝐶

′
𝐶𝑢(𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒)=
𝐶𝑢1𝑈𝐻

𝜏𝑢 =

(9-3)

𝐶− 𝐶𝑢2𝑈𝐻 𝐶

(9-4)

′
′
max(𝐶𝑢(𝑢ℎ𝑝𝑐)
,𝐶𝑢(𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒)
)

𝐴 = 2𝑥

(9-5)

𝐴
𝑐1 +𝑐2
2

𝑥(

ℎ𝑒𝑙𝑙/2 )=(𝑐1

+ 𝑐2) 𝑥 (

ℎ𝑒𝑙𝑙/2 )

(9-6)

To find the parameter's value needed in equation 9-5, a simplified uniaxial stress-strain for
ease of design can be adopted. Graybeal [226] proposed a simple strain-strain for the design
of I-girders made of UHPC Figure (9-7). Based on the proposed behavior, the maximum
compressive strength is considering as -24 ksi (165 psi) for steam cured test specimen with
a tensile capacity of 1.5 ksi (10.3 Mpa) and module of elastic of 7600 ksi (54.4 Gpa). The
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tensile strain is limited to 0.007, and the maximum strain for compression is proportional
to the strain 0.00316.
Strain

5

(0.007,-1.5 ksi)

0 0
-0.004

-0.002

0.002

(-103)

-30

(-207)

(0.00316,-24 ksi)

0.006

0.008

Strain (ksi (MPa))

-15

0.004

Figure 9-8 Uniaxial Stress-strain relationship for UHPC (Graybeal, [226])

In Figure 9-8, the linear section of stress-strain for the UHPC in tension is a small portion
of the tension section for the retrofitted beams, which for ease of calculation, this part can
be assumed with a consent amount. Figure 9-9. Also Based on Valikhani.et.al [202]
material test result explained in chapter 6, The compressive strength, Tensile strength for
the UHPC in ambient [226] condition were calculated as -126 MPa (18.2 ksi ), 5.8 Mpa
(0.85 ksi ) and maximum strain for UHPC is assumed .003. The recent assumption can help
to assume a linear compression stress distribution for the UHPC and ease of calculation for
the designers. Based on the above statements, the modified stress-strain diagram can be
modified as Figure 9-9.
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Figure 9-9 Simplified adopted Uniaxial Stress-strain relationship for retrofitted beams.

Based on the proposed uniaxial stress-strain diagram for the retrofitted beams, the flexural
response of the retrofitted section can be simplified as Figure 9-10.

Figure 9-10 Design flextural stress distribution in retrofitted section.

9.3.2

Example

The detail of the concept for calculating the ultimate interface shear strength is explained
in the previous section. To evaluate the above equations and to prepare a guideline for the
designer in this section, the steps of calculating the shear stress for the beam with 2-inch
UHPC shell in the side (Chapter 1, S-24-2) is explained in detail. It should be highlighted
that S-24-2 was chosen first to validate the proposed Uniaxial stress-strain relationship by
comparing the flexural design results and experimental results. Second, it is expected that
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this test specimen to have the highest shear stress winch can emphasize the need for surface
preparation.at the end, the summary of the result for more beams is calculated and the
results are compared to the proposed interface shear capacity equation developed in chapter
3 and 4.

9.3.2.1 Simplified Ultimate Moment Capacity based on Proposed Stress-Strain
Relationship and Validation
In the ultimate moment state, it is assumed that concrete reaches the ultimate strain, which
results in yielding of rebar and reaching UHPC to the maximum ultimate stress as 18
kips.in Figure 9-11, the strain distribution, and load distribution for the section is
illustrated.

Figure 9-11 Design flexural stress for Ultimate stage

Based on the stress-strain relationship and correlation between the force and stress and
strain the load for each section is calculated as below:
Cracked concrete is not considered in tension zoon, and the compression force is calculated
based on the Whitney stress block[227].
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𝑓𝑐𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒= 0.85 × 0.8 × 7(𝑘𝑠𝑖) × 𝑐 (𝑖𝑛. ) × 4 (𝑖𝑛. ) = 19.04 𝑐(𝐾𝑖𝑝𝑠), 𝛽𝑐 = 𝑎, 𝛽 = 0.8
(9-7),
𝑓𝑐𝑈𝐻𝑃𝐶=

18 (𝑘𝑠𝑖)
2

× 𝑐 (𝑖𝑛. ) × 4(𝑘𝑠𝑖) ×= 36 𝑐 (9-8),

Based on low strain in the compression steels and ease of calculation, they are not
considered in the equilibriums.
𝑓𝑡

𝑡𝑒𝑒𝑙

= 60 (𝑘𝑠𝑖) × 4(𝑖𝑛.2 ) = 24 (𝐾𝑖𝑝𝑠)

(9-9),

𝑓𝑡𝑈𝐻𝑃𝐶 (𝑏𝑜𝑡𝑡𝑜𝑚) = 0.85 (𝑘𝑠𝑖) × 1.5(𝑖𝑛) × 8(𝑖𝑛) = 10.2 (𝐾𝑖𝑝𝑠) (9-10),
𝐾𝑖𝑝𝑠
𝑓𝑡𝑈𝐻𝑃𝐶 (𝑆𝑖𝑑𝑒𝑠) = 0.85 (𝑘𝑠𝑖) × (10.5 − 𝑐)(𝑖𝑛) × 4(𝑖𝑛) = 35.7(𝐾𝑖𝑝𝑠) − 3.4 (
.)𝑐
𝑖𝑛
(9-11),
By writing the force equilibrium, the variable c could be calculated as below:
T = C, 𝑓𝑐𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 + 𝑓𝑐𝑢ℎ𝑝𝑐 = 𝑓𝑡

𝑡𝑒𝑒𝑙

+ 𝑓𝑡𝑈𝐻𝑃𝐶 (𝑏𝑜𝑡𝑡𝑜𝑚) + 𝑓𝑡𝑈𝐻𝑃𝐶 (𝑆𝑖𝑑𝑒𝑠) → 𝑐 = 1.25 (9-12)

To evaluate the simplified stress-strain relationship and accuracy of the simplified method,
the ultimate moment capacity is calculated as below and is compared with ultimate
experimental moment capacity.
𝑀𝑢 = 𝑓𝑡

𝑡𝑒𝑒𝑙

𝑐

× 10.5(𝑖𝑛. ) + 𝑓𝑡𝑈𝐻𝑃𝐶 (𝑏𝑜𝑡𝑡𝑜𝑚) × 11.25 (𝑖𝑛. ) + 𝑓𝑡𝑈𝐻𝑃𝐶 (𝑠𝑖𝑑𝑒) ×
𝑐

(5.25𝑖𝑛. − 2) (𝑖𝑛. ) − 𝑓𝑐𝑈𝐻𝑃𝐶 × 3 (𝑖𝑛. ) − 𝑓𝑐𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 ×

0.85×𝑐
2

(𝑖𝑛. ) = 521.67𝐾𝑖𝑝𝑠. 𝑖𝑛

(9-13)
Based on the ultimate moment calculated, the ultimate external load can be calculated as
below:
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𝑝𝑢 =

𝑀𝑢
𝐿

= 23.18 𝐾𝑖𝑝𝑠 (9-14)

The ultimate external load from the experimental test was calculated as 22.5 kips, which
shows the proposed uniaxial stress-strain relationship error is less than 3%, and confirm a
high accuracy.

9.3.2.2 Simplified Cracked Moment Capacity Based on The Proposed Stress-Strain
Relationship
Based on equation 9-8 for calculating the ultimate shear strength, the cracked moment
capacity in the retrofitted section at the beginning of the shell is needed. For this section
the neutral axis (c) and the strain in the top section (𝜀𝑐 ) are considered as unknown and
forces based on linear strain distribution are calculated as below:
The cracked section of concrete is not considered in the calculation also the compression
stress distribution for the compressive concrete section is considered linear:
1

𝑓𝑐𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒= 2 × 𝜀𝑐 × 𝐸𝑐 (𝑘𝑠𝑖) × 𝑐 (𝑖𝑛) × 4 (𝑖𝑛. ) = 9536𝑐𝜀𝑐

(9-15)

𝐸𝑐 (𝑘𝑠𝑖) = 57√7000(𝑝𝑠𝑖) = 4768 (𝑘𝑠𝑖) ,[96] (9-16),
1

𝜀

𝑐
𝑓𝑐𝑈𝐻𝑃𝐶= 2 × 𝑐 (𝑖𝑛. ) × 3000
× 18(𝑘𝑠𝑖) × 3 = 3000𝑐𝜀𝑐

(9-17),

Based on low strain in the compression steels and ease of calculation, they are not
considered in the equilibriums.
𝑓𝑡

𝑡𝑒𝑒𝑙

=

𝜀𝑐 (10.5−𝑐)
𝐶

× 𝐸𝑠 × 0.4 (𝑖𝑛.2 ) = 24 (𝐾𝑖𝑝𝑠) (9-18),

𝑓𝑡𝑈𝐻𝑃𝐶 (𝑏𝑜𝑡𝑡𝑜𝑚) = 0.85 (𝑘𝑠𝑖) × 1.5(𝑖𝑛) × 8(𝑖𝑛) = 10.2 (𝐾𝑖𝑝𝑠) (9-19),
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𝐾𝑖𝑝𝑠
𝑓𝑡𝑈𝐻𝑃𝐶 (𝑆𝑖𝑑𝑒𝑠) = 0.85 (𝑘𝑠𝑖) × (10.5 − 𝑐)(𝑖𝑛) × 4(𝑖𝑛) = 35.7(𝐾𝑖𝑝𝑠) − 3.4 (
.)𝑐
𝑖𝑛
(9-20),
To find two unknown variables (c, 𝜀𝑐 ), the internal force and moment equilibriums are
used. The ultimate moment capacity for the middle of the beam was calculated as 521.67
kip.in in the previous section, based on liner distribution of moment in the length of simple
support beam the cracked moment capacity at the beginning of the shell can be calculated
as below:
𝑀𝑢2 (𝑐𝑟𝑎𝑐𝑘𝑒𝑑) = 𝑀𝑢1 (𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒) ×

𝑙−𝑙𝑠ℎ𝑒𝑙𝑙
𝑙

= 382.5 𝑘𝑖𝑝𝑠. 𝑖𝑛 (9-21)

By using equations (9-13) and (19-14) and calculated cracked moment from equation (921) the neutral axis length and the top section compression strain are calculated as c=3.5
(in.) and 𝜀𝑐 = 0.0065 respectively.

9.3.2.3 Ultimate Shear Strength Demand and Validation
By calculating the ultimate moment capacity in the middle length of the beam and finding
the neutral axis as c=1.25 in., the compression concrete and UHPC forces in this section
from equation (9-7) and (9-8) are calculated as 𝑓𝑐𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 (ultimate)=23.75 kips and
𝑓𝑐𝑈𝐻𝑃𝐶 (ultimate)=45 kips .for the cracked section at the beginning of the retrofitted section,
neutral axis and compressive strain were calculated as c=3.5 in. , and 𝜀𝑐 = 0.0065 and by
applying equation (9-15) and (9-18) the compression force for concrete and UHPC are
calculated as 𝑓𝑐𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 (cracked)= 21.69kips and 𝑓𝑐𝑈𝐻𝑃𝐶 =27.3kips(cracked). By using
equation 9-5, the ultimate shear strength demand is calculated as below:
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𝜏 𝑢 (𝑝𝑠𝑖) =

′
′
max(𝐶𝑢(𝑢ℎ𝑝𝑐)
,𝐶𝑢(𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒)
) max(17.7 𝑘𝑖𝑝𝑠,2.06𝑘𝑖𝑝𝑠)×1000×2
= (1.25 (𝑖𝑛.)+2.62 (𝑖𝑛.))×12(𝑖𝑛.)
𝐴

< 986(𝑝𝑠𝑖)

= 762 (𝑝𝑠𝑖)

(9-22)

For these series of experimental tests, no deboning was observed, and as the surfaces were
rough enough, the average shear strength capacity amount calculated from proposed
equation 4-2 (Chapter 4) is used for comparison between demand and capacity.
Based on the results shown in chapter 2, only the specimen with the smooth surface (NS24-1, chapter 2) failed in the interface. Although this failure wasn’t the interest of the
research, but it could prepare the potential of comparison between the interface shear
stresses and interface shear strength capacity to evaluate the accuracy of proposed equation
9-5. It should be highlighted that as no surface roughness evaluation was done on this
specimen, the amount calculates from the proposed bond capacity equation (4-2) (chapter
4) was used as the interface shear strength capacity conservatively. As the same type of
wood was used in the forwork of this specimen and the pull-off test, this assumption can
be acceptable. To ease of calculation for the designers, the detail of the calculation is shown
below:
For the test specimen NS-24-2 as the specimen failed in bond, the maximum moment in
the middle of the beam couldn’t reach the ultimate load.so hereafter simplified cracked
moment is used for the calculation. As the maximum load for this specimen was measured
as 19.02kips from the experimental test, the moment in the middle and the begging of the
retrofitted section are calculated as below:
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𝑀𝑢1 (𝑐𝑟𝑎𝑐𝑘𝑒𝑑)(𝑘𝑖𝑝𝑠 𝑖𝑛. ) =

𝐿(𝑖𝑛.)× 𝑢 (𝑘𝑖𝑝𝑠)

=

90(𝑖𝑛.)×19.02(𝑘𝑖𝑝𝑠)

𝑀𝑢2 (𝑐𝑟𝑎𝑐𝑘𝑒𝑑)(𝑘𝑖𝑝𝑠 𝑖𝑛. ) = 𝑀𝑢1 (𝑘𝑖𝑝𝑠 𝑖𝑛. ) ×
90(𝑖𝑛.)−36(𝑖𝑛.)
90(𝑖𝑛.)

=256.77 kips.in

(𝐿−𝐿𝑠ℎ𝑒𝑙𝑙)
𝐿

= 427.95 kips.in

(9-23),

= 𝑀𝑢1 (𝑘𝑖𝑝𝑠 𝑖𝑛. ) ×

(9-24),

For the NSC-24-2 section the distributed forces are calculated as below:
1

𝑓𝑐𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒= 2 × 𝜀𝑐 × 𝐸𝑐 (𝑘𝑠𝑖) × 𝑐 (𝑖𝑛) × 8 (𝑖𝑛. ) = 19072𝑐𝜀𝑐
1

𝜀

𝑐
𝑓𝑐𝑈𝐻𝑃𝐶= 2 × 𝑐 (𝑖𝑛. ) × 3000
× 18(𝑘𝑠𝑖) × 2 = 6000𝑐𝜀𝑐

(9-25),

(9-26),

Based on low strain in the compression steels and ease of calculation they are not
considered in the equilibriums and 𝑓𝑡

𝑡𝑒𝑒𝑙

is calculated from equation (9-27)

𝑓𝑡𝑈𝐻𝑃𝐶 (𝑏𝑜𝑡𝑡𝑜𝑚) = 0.85 (𝑘𝑠𝑖) × 2.5(𝑖𝑛) × 10(𝑖𝑛) = 21.25 (𝐾𝑖𝑝𝑠) (9-28),
𝑓𝑡𝑈𝐻𝑃𝐶 (𝑆𝑖𝑑𝑒𝑠) = 0.85 (𝑘𝑠𝑖) × (10.5 − 𝑐)(𝑖𝑛) × 2(𝑖𝑛) = 17.85(𝐾𝑖𝑝𝑠) −
𝐾𝑖𝑝𝑠

1.7 (

𝑖𝑛

.)𝑐

(9-29)

By writing the force equilibrium and using 𝑀𝑢1 (𝑐𝑟𝑎𝑐𝑘𝑒𝑑) and 𝑀𝑢1 (𝑐𝑟𝑎𝑐𝑘𝑒𝑑) as the
applied moment of the sections the unknown variable (c, 𝜀𝑐 ), for the middle and beginning
of

the

retrofitted

section

were

calculated

as

(3.33477(in.),0.0005648),

and

(6.52271(in.),0.0001788) respectively. By applying equation (9-25) and (9-26) the
compression force for concrete and UHPC are calculate as 𝑓𝑐𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 (cracked)= 36.06kips
and 𝑓𝑐𝑈𝐻𝑃𝐶 (cracked) =11.34kips for the middle of the beam and 𝑓𝑐𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 (cracked)=
22.248kips and 𝑓𝑐𝑈𝐻𝑃𝐶 =9.16kips(cracked) for the beginning of the retrofitted section.
Based on equation 9-5, the maximum interface shear stress can be calculated as below:
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𝜏 𝑢 (𝑝𝑠𝑖) =

′
′
max(𝐶𝑢(𝑢ℎ𝑝𝑐)
,𝐶𝑢(𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒)
) max(2.18 𝑘𝑖𝑝𝑠,13.81)×2×1000
= (3.35 (𝑖𝑛.)+ .71 (𝑖𝑛.))×18(𝑖𝑛.)
𝐴

= 190 (𝑝𝑠𝑖) > 181(𝑝𝑠𝑖)

(9-30)
By comparing the results for demand and capacity, the accuracy of equation 9-5 could be
calculated as more than 95%, which can highlight the efficiency of proposed equations. In
table 9-1, the demand and capacity for other beams are compared as below, too, and based
on the analytical section, the capacity of NS-24-1 by assuming sandblasting the concrete
substrate surface NR-24-1and eliminating the interface failure is predicted too.
Table 9-1 Comparison between interface shear demand and capacity .
Specimen

𝑀𝑢1 (Kips.in)
𝑐 (in.)

NS-24-1
NR-24-1
S-240.75
S-24-1.5
S-24-2

9.4

𝜀𝑐
427.95
3.348
0.000565
569.06
1.092
0.003
418.13
1.04
0.003
481.43
1.14
0.003
521.67
1.25
0.003

𝑀𝑢2 (kips.in)
𝑐 (in.)
𝜀𝑐
256.77
6.523
0.00179
417.31
3.42
0.00054
306.62
3.11
0.00057
306.62
3.36
0.00062
382.50
3.50
0.00065

Section 1
(kips)
𝑓𝑐(𝑐𝑜𝑛) 𝑓𝑐(𝑈𝐻𝑃𝐶)

Section 2
(kips)
𝑓𝑐(𝑐𝑜𝑛) 𝑓𝑐(𝑈𝐻𝑃𝐶)

36.06

11.34

22.25

9.16

41.59

19.66

29.14

9.17

32.14

14.02

27.3

7.93

27.2

30.81

25.02

18.89

23.75

45

21.69

27.3

𝜏𝑢
𝜏𝑛
1.05
Critical
0.39
Safe
0.50
Safe
0.45
Safe
0.77
Safe

Recommendations and Design Guide

Based on the work done in previous chapters, the highlighted recommendation can be
suggested for construction and design as below:


Based on the High-flowability of UHPC, Casting the shell for flexural members
with different shapes is validated and recommended.



Based on fiber steel length limitation (0.5 in.) and to prevent fibers from blocking
the flow of UHPC matrix, the minimum shell thickness is recommended as 0.75 in.
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The maximum casting length in laboratory ambient conditions for 15 feet is
validated and recommended.



Roughening the concrete substrate is recommended.



The 3D-scanning method as a tool for measuring the surface roughness evaluation
is validated and recommended.



S Saturating the concrete substrate before casting fresh UHPC to guarantee a strong
bond is needed.



Saturating the concrete substrate before casting fresh UHPC to guarantee a strong
bond is needed.



To eliminate the potential of brittle failure between UHPC shell and normal
concrete, the minimum mechanical connectors with the ratio of (ρ = 0.0015) is
recommended.



Using the developed proposed equation for the designer is recommended, although
the values given by AASHTO-LRFD can be considered conservative.



The proposed bonding model for predicting the shear stresses between overlay and
substrate and the general structural performance of retrofitted elements is
recommended.



In the case that removing all corroded rebar in the repair section is not practical,
capsulate the entire length of corroded rebar to mitigate the corrosion is
recommended.



For calculating the term of interface cohesion using equation 4-9 is recommended.
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With the existence of mechanical connectors perpendicular to the interface plane
using equation 5-2 to estimate the shear interface strength is recommended.



Simplified adopted uniaxial stress-strain behavior suggested in Figure 9-9 For
evaluation flexural capacity of retrofitted sections is recommended.



Simplified adopted proposed equation 9-3For estimating the shear interface stresses
demand is recommended.



The developed numerical model for simulating the structures including UHPC is
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CHAPTER 10

CONCLUSION AND FUTURE WORK

10.1 Conclusion
This dissertation provides a comprehensive experimental and numerical study to evaluate
the performance of a protective UHPC shell. Based on experimental tests, a new bond
interface equation based on different surface roughness was developed and proposed. The
mechanical characteristic of UHPC was investigated experimentally, and the numerical
models for defining UHPC and the interface between UHPC and NSC in ATENA software
were developed. A new index for evaluating the surface roughness was introduced, and
two noun contact techniques, Digital image processing and machine learning techniques
for measuring surface roughness degree, were developed, and their accuracy was validated
with 3D scanning technique. The durability characteristic of UHPC based on different fiber
orientations, and the percentage was investigated experimentally. The feasibility of the idea
to improve the structural performance of retrofitted elements by partially retrofitting
concrete beams were researched. The possibility of casting UHPC shells with different
shapes, and the effect of increasing the service life of retrofitted bridge elements by
retrofitting a large scale T-section beam was evaluated too. In the end, the suggested
numerical models were evaluated, and also a simplified uniaxial stress-strain relationship
for a design capacity of flexural members was suggested, and results were validated with
experimental test results.
Moreover, for ease of calculation, an adopted simplified equation for calculating the shear
interface demand was suggested and validated with experimental tests. The conclusion
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result of each work was listed in detail at the end of each chapter, in this section just
highlighted conclusion is listed:


Roughening concrete substrate with sandblasting is an efficient method to achieve
sufficient bond between UHPC shell and concrete substrate.



Mechanical connectors can play a vital role when the smooth surface of the concrete
substrate is present.



In the case of precast UHPC shell, the bonding agent harms the bond between
UHPC and concrete substrate; however, mechanical connectors cast in precast
UHPC shell can enhance the bond if the precast shell is the design option.



Interface shear strength between UHPC shell or concrete substrate is higher than
the proposed values given by AASHTO-LRFD; however, AASHTO-LRFD values
can be considered conservative.



Large scale testing of the proposed repair/retrofitting technique shows that the
proposed method is structurally effective, durable, and constructible.

10.2 Future Work
In accordance with the previous work, the following future works are suggested:


Experimental test on Large T-Girder Beam to evaluate its structural performance.



Evaluating the bond strength between UHPC layer and normal concrete for
different curing conditions is suggested.



Large scale experimental tests to validate the proposed design equation.
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APPENDIX
LARGE T-SECTION BEAM INSTRUMENTS DETAILS
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∅10, S203mm

∅10

1245mm
64mm

178mm

25mm

51mm ∅10

457mm
457mm

64mm
∅16

330mm
38mm ∅16

Large T-beam: Coross Section
Longitudinal rebar on the top (T)

635mm

Longitudinal Rebar at the Bottom Top(BT)
Longitudinal rebar at the Bottom (BB)

Cross Section: Longitudinal Rebars Including Steel Strain Gauge.
178mm

547mm

457mm

591mm

331mm
102mm

Cross Section: Eleveation of Concrete Strain Gauges in The Middle of The Beam
Length.
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1181 mm

1245 mm

1181 mm
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3
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14
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16
17
18

4724 mm

2362 mm
Top View: Numbering The Location of Steel Strain Gauges Attached to
Longitudinal rebar on the Top (T),(Embedded in UHPC)
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1181 mm
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330 mm

1181 mm
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4724 mm
2362 mm
Bottom View: Numbering The Location of Steel Strain Gauges Attached to
Longitudinal rebar at The Bottom Top(BT),(Embedded in UHPC)

∅16

1181 mm

1181 mm

28
29
30

330 mm

4724 mm
2362 mm

6

Bottom View: Numbering The Location of Steel Strain Gauges Attached to
Longitudinal rebar at The Bottom (BB),(Embedded in UHPC)
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Concrete Strain gauge: Model 4200,
fabricated by Geokon Company,
Website: https://www.geokon.com/4200-Series

Steel Strain gauge: Model YEFLA-5-5LJC,
fabricated by Tokyo Measuring Instrument Lab
Website: https://tml.jp/e/product/strain_gauge/post-yield.html
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